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Abstract 
Background and aims: Pre-pregnancy obesity (body mass index [BMI] ≥ 30 kg/m2) and 
pregnancy complications such as gestational diabetes mellitus (GDM) and hypertensive disorders of 
pregnancy (HDP) are major and increasing global public health concerns because of a number of 
consequences to women and their babies. While the associations of pre-pregnancy obesity and 
GDM and HDP are well established, little is known about the relationship between pre-pregnancy 
weight change and GDM and HDP risk. Growing evidence also implicates pre-pregnancy obesity 
and pregnancy complications with offspring childhood growth and development, although the 
findings are inconclusive, and associations of preconception BMI trajectory and child outcomes 
have been rarely investigated. This thesis examines the associations between pre-pregnancy weight 
characteristics, GDM and HDP and offspring childhood growth and development. 
Methods: Several data sources and analysis approaches were employed across the papers included 
in the thesis. First, literature searches were performed in CINAHL, EMBASE, PSYCINFO, 
PUBMED and SCOPUS for systematic reviews on 1) the association of pre-pregnancy obesity and 
offspring childhood physical and cognitive development, and 2) the association of diabetes during 
pregnancy and childhood cognitive development. Second, self-reported data from the 1973-78 
cohort (aged 18-23 years at the first survey in 1996) of the Australian Longitudinal Study on 
Women’s Health (ALSWH) were used to examine the associations between adult pre-pregnancy 
weight change and GDM (n = 5,242) and HDP (n = 4,813) risk. Third, data from the 1973-78 
cohort of the ALSWH, Mothers and their Children’s Health (MatCH) study and linked data from 
the Australian Early Development Census (AEDC) were used to evaluate the associations of 1) 
preconception BMI trajectories, GDM and HDP and offspring childhood physical and cognitive 
development (n = 771), and 2) preconception BMI trajectories and offspring childhood BMI (n = 
2,733), and 3) to quantify the mediation role of offspring’s birthweight between the association of 
pre-pregnancy BMI and childhood anthropometrics (BMI-for-age, height-for-age, weight-for-age 
and weight-for-height) (n = 1,618). In addition to descriptive statistics, multinomial logistic 
regression, generalised estimating equations, g-computation and latent class growth modelling were 
used for analyses. 
Results: A total of 17 articles were eligible for the systematic review on pre-pregnancy obesity and 
offspring childhood physical and cognitive development. A large proportion of studies supported 
the adverse association between pre-pregnancy obesity and childhood cognitive development. A 
few studies also demonstrated a negative association between pre-pregnancy obesity and the gross 
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motor function of the offspring but not with the fine motor function. The evidence was based on a 
limited number of studies with heterogeneous measurement scales and obesity definition. 
For the systematic review on diabetes during pregnancy and offspring childhood cognitive 
development, we found a small number of geographically limited studies, the majority of which 
were small and did not adjust for key confounders. Of 14 eligible studies included in the systematic 
review, 10 investigated the associations between pre-existing diabetes or both pre-existing diabetes 
and GDM and cognitive development in offspring. Of these, six found at least one negative 
association. Four studies exclusively examined the relationships between GDM and offspring’s 
cognitive development; two of them found negative, one positive and one null associations.  
In the ALSWH, annual pre-pregnancy weight change from early adulthood (mean age 20 years, 
1996) to the index pregnancy (between 2003 and 2012) was significantly associated with risk of 
development of GDM and HDP. Women with considerable weight gain (>2.5% body weight /year) 
were more likely to develop GDM (RR = 2.94, 95% CI: 2.16, 4.01) and HDP (RR = 2.31, 95% CI: 
1.77, 3.03) compared to women with stable weight (loss or gain of up to 1.5%). We also found that 
children (mean age 5 years) born to women with a chronically obese BMI trajectory were more 
likely to be classified as developmentally vulnerable/at-risk on the AEDC domains of gross and fine 
motor skills (RR = 1.64, 95% CI: 1.04, 2.61) and communication skills and general knowledge (RR 
= 1.71, 95% CI: 1.09, 2.68) compared with children born to women with a normative BMI 
trajectory. They also had an elevated risk of suspected gross motor delay (RR = 2.62, 95% CI: 1.26, 
5.44) at the average age of 3.5 years, and being overweight (RR = 2.48, 95% CI: 1.65, 3.73) and 
obese (RR = 6.65, 95% CI: 3.40, 13.01) at the average age of 7.7 years. Diabetes or hypertensive 
disorders during pregnancy were not associated with child outcomes. Our mediation analysis further 
demonstrated that pre-pregnancy obesity had only significant natural direct (β = 0.75, 95% CI: 0.55, 
0.95) and total causal effects (β = 0.79, 95% CI: 0.59, 0.99) on children’s BMI at the average age of 
8.6 years. 
Conclusions: Although there are relatively few data available, the current evidence from the 
literature suggests that pre-pregnancy obesity and diabetes in pregnancy are associated with 
offspring’s childhood cognitive development, but evidence of the association between pre-
pregnancy obesity and physical development of children is too scarce to offer a conclusion. 
Evidence from our population-based prospective cohort study demonstrated that women with 
considerable annual pre-pregnancy weight gain were significantly more likely to develop GDM and 
HDP. Our study further demonstrated that children born to chronically overweight and chronically 
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obese women were significantly more likely to be overweight and obese themselves and to have 
poorer physical and cognitive development. Most of the effect of pre-pregnancy obesity on child 
anthropometrics appears to be via a direct effect, not mediated through offspring’s birthweight. 
Further studies are warranted to unravel the mechanisms linking preconception BMI trajectory and 
child outcomes and to examine the impact of preconception weight loss intervention to improve 
offspring childhood outcomes. 
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Chapter 1 | General introduction 
1.1. Background 
Advances in technology, and the establishment of large longitudinal datasets make it possible to 
identify preconception and perinatal risk factors (1) associated with congenital abnormalities of the 
newborn (2, 3), adverse birth outcomes (4) and later growth and developmental problems of the 
offspring (5). Maternal pre-pregnancy obesity, gestational diabetes mellitus (GDM) and 
hypertensive disorders during pregnancy (HDP) are among the top of the list of these risk factors 
(6-9).  
In general, the proportion of obese people, defined as body mass index (BMI) ≥ 30, is rising across 
most nations of the world because of sedentary lifestyles, unhealthy diets and poor socioeconomic 
status (SES) (10). More than one in three women are obese in the United States of America (11). In 
Australia, this figure was 27% in 2014-15 (12) and is expected to rise in the future (13). 
Consequently, the proportion of women entering pregnancy with pre-existing obesity is increasing 
and maternal obesity (refers to obesity prior to or during pregnancy) is already a serious public 
health concern.  
GDM is defined as glucose intolerance (fasting plasma glucose level of 5.1-6.9 mmol/l [92 -125 
mg/dl] or two hour post 75g oral glucose load of 8.5 – 11.0 mmol/l [153-199 mg/dl]) when first 
detected during pregnancy (14). GDM is the most common form of diabetes in pregnancy (includes 
pre-existing diabetes), accounting for about 88% of the cases (15). Globally, due to variations in 
diagnostic criteria and population, the prevalence of GDM varies from 1.8% to 25.1% (16) and it is 
significantly associated with increasing maternal obesity rates and increased age (17). In Australia, 
about 5% of pregnancies are complicated by GDM (18). 
HDP, one of the most common medical complications of pregnancy, covers a spectrum of 
conditions, namely gestational hypertension (new onset hypertension [≥140mmHg systolic or 
≥90mmHg diastolic blood pressure after 20 weeks of gestation]), pre-eclampsia (gestational 
hypertension with proteinuria ≥300mg/24-hours or other maternal organ dysfunction), white coat 
hypertension and chronic hypertension (19). HDP is a multifactorial condition that complicates 
about 10% of all pregnancies (20, 21). 
1.2. Short and long-term health consequences to the mother and the offspring 
Pre-pregnancy obesity is a shared risk factor for both pregnancy complications. Women with pre-
pregnancy overweight and obese are approximately 2 to 8 times more likely to develop GDM and 
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HDP as compared to women with BMI in the normal range. They are also at increased risk of 
caesarean birth and anaesthetic complications (7, 22). Pre-pregnancy obesity is also associated with 
increased risk of macrosomia, stillbirth, and preterm births (7, 23).  
In addition to pre-pregnancy obesity, a few studies (24, 25) have also suggested that weight gain 
prior to pregnancy is linked with an increased risk of GDM and HDP, particularly pre-eclampsia. 
However, these studies had notable limitations including being restricted to nursing professional 
mothers whose childhood body shape and weight (at the age of 18 years) were reported 
retrospectively and with subsequent adult weights collected over a short time interval (25), collected 
weight trajectories in a single retrospective interview, being limited to clinical populations, and 
lacking adjustment for potential confounders such as diet, and physical activity (24). Prospective 
studies examining the relationship between weight change prior to pregnancy and the risk of 
developing HDP and GDM are warranted.  
Both GDM and HDP are associated with higher maternal and perinatal adverse outcomes. GDM is 
linked with higher risk of congenital malformation (26), preterm birth (4), large for gestational 
age/macrosomic infants (birthweight >4,000g) and perinatal death (6, 27). It is also associated with 
more than a seven-fold increased risk of type 2 diabetes in the mother in the future (28). Whereas 
HDP is associated with an increased risk of intrauterine fetal growth restriction, preterm birth and 
perinatal mortality (29) as well as long-term health problems for the mother (21).  
In addition to the perinatal implications, maternal obesity and pregnancy complications have been 
shown to have long-term sequelae to the offspring. Specifically, a number of studies have 
demonstrated the increased risk of obesity, cardiovascular disease and type 2 diabetes in offspring 
born to women who are obese (8, 30) or women who have diabetes (31) or pre-eclampsia (32). 
Furthermore, recently these maternal conditions have been hypothesized to have long-term negative 
effects on the cognitive and physical development of offspring (5, 33, 34), although the exact 
mechanisms are not well known. The most commonly anticipated mechanism is early life 
programming. The proposal is that during the critical period of development the fetus will be 
exposed to an excessive amount of inflammatory factors, nutrients and metabolic hormones 
associated with these maternal conditions. This suboptimal intrauterine environment is proposed to 
cause permanent changes in fetal energy metabolism and neurocognitive development (35, 36).  
An accumulated body of evidence (5, 37, 38) indicated that maternal pre-pregnancy obesity is 
associated with the BMI and physical and cognitive development of offspring. However, the 
specific types of cognitive domain negatively affected by maternal pregnancy obesity were not clear 
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and heterogeneous cognitive assessment scales were used. Particularly, only a few studies have 
evaluated the physical development of offspring born to obese mothers and these have shown 
inconsistent findings (39-41). Moreover, the available evidence largely focuses on a one-time 
maternal weight measure, usually immediately prior to pregnancy or during the first trimester of 
pregnancy. There is limited and inconclusive evidence (42, 43) on the relationship between 
maternal weight trajectories and childhood growth and development. Such analyses may offer 
additional insight into the causal association between maternal pre-pregnancy obesity and child 
outcomes. 
With regard to pregnancy complications, there are relatively few studies of the association between 
GDM and offspring’s cognitive and physical development and the available evidence is 
inconclusive (44-47). Analyses also showed that HDP, associated with inflammation and hypoxia, 
has been found to be linked with impaired physical (48) and cognitive (34) abilities of offspring. 
However, whether the associations of both pregnancy complications and childhood development 
outcomes are independent of maternal obesity is less clear. Further comprehensive prospective 
studies addressing potential confounders are therefore required.  
Childhood overweight/obesity has been a serious public health problem in Australia; more than one 
quarter of children (27.4%) between the ages of 5 and 17 years were overweight or obese in 2014-
15 (12). Similarly, in 2015, over one in five Australian children was found to be developmentally 
vulnerable during school entry on at least one domain (physical health and wellbeing, social 
competence, emotional maturity, language and cognitive skills and communication skills and 
general knowledge) of the Australian Early Development Census (AEDC), formerly known as the 
Australian Early Development Index (AEDI), with about 11% of children developmentally 
vulnerable on two or more of the AEDC domains (49). However, to the best of our knowledge, the 
long-term effect of these maternal conditions (maternal pre-pregnancy obesity and its complications 
such as GDM) on the physical and cognitive development of offspring have not been addressed in 
an Australian context, although perinatal conditions in general were the leading causes of infant 
death in Australia between 2008 and 2010 (50).  
Collectively, the available data highlights the need for more studies examining the inter-
generational effect of these maternal conditions (pre-pregnancy obesity, GDM and HDP) as this 
may contribute to the prevention of obesity in the next generation and optimize early childhood 
development. In addition to maternal pre-pregnancy obesity, GDM and HDP, there are a wide range 
of factors associated with the growth and development of offspring. Most of these factors are 
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associated with the exposure of interest (maternal pre-pregnancy weight characteristics, GDM and 
HDP) and the child outcomes; making the associations between the latter more complex as depicted 
in Figure 1.1. The simplified directed acyclic graph (Figure 1.1) below summarises the proposed 
pathways of maternal sociodemographic, lifestyle and medical factors, child factors, maternal pre-
pregnancy weight characteristics, and pregnancy complications and childhood growth and 
development of offspring. The factors represented in the graph were drawn from an extensive 
literature review. 
 
Figure 1.1. Overview of proposed pathways of maternal pre-pregnancy weight characteristics, 
pregnancy complications and offspring childhood growth and development 
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1.3. Thesis objectives and structure of the thesis  
The overall aim of this project was to examine the associations between maternal pre-pregnancy 
weight characteristics, GDM and HDP and childhood growth and development of offspring. Three 
types of maternal weight or BMI characteristics were used across the thesis: pre-pregnancy BMI, 
annual pre-pregnancy weight change and pre-pregnancy BMI trajectory. 
This dissertation has been divided into nine chapters. Following the general introduction (Chapter 
1), a comprehensive literature review on the associations between maternal pre-pregnancy weight 
characteristics, GDM and HDP with childhood growth and development of offspring is presented as 
Chapter 2. Chapter 2 is comprised of two systematic review papers (Papers 1 and 2) on the 
relationships between maternal pre-pregnancy obesity and diabetes during pregnancy with the 
offspring physical and cognitive development as well as comprehensive literature reviews on the 
other maternal exposures and child outcomes. Chapter 3 comprehensively describes the study 
design, measures and datasets used in this thesis. Results are presented from Chapter 4 to 8. This 
includes five published papers. Each chapter contains a paper, which has its own introduction, 
methods, results, discussion and references. This may result in unavoidable repetition, particularly 
in the introduction, methods and reference sections. Chapters 4 and 5 (Papers 3 and 4) present 
analyses of the relationships between adult pre-pregnancy weight change and incidence of GDM 
and HDP, respectively. Chapter 6 (Paper 5) investigates the association between maternal 
preconception BMI trajectories, diabetes and hypertensive disorders during pregnancy and offspring 
childhood physical and cognitive development. Chapter 7 (Paper 6) examines the relationship 
between maternal preconception BMI trajectories and offspring childhood BMI. This chapter also 
presents the association between interpregnancy weight change and risk of overweight or obesity in 
the second-born children. Then, Chapter 8 (Paper 7) further quantifies the mediating effect of 
offspring birthweight on the association between maternal pre-pregnancy BMI and offspring 
childhood anthropometrics (BMI-for-age, height-for-age, weight-for-age and weight-for-height). 
For the analyses in Chapters 4 and 5, data from the Australian Longitudinal Study on Women’s 
Health (ALSWH) were used. For the analyses in Chapters 6, 7 and 8, data from both the ALSWH 
and the Mothers and their Children’s Health (MatCH) study were used. Finally, Chapter 9 
summarises and integrates the main findings from the analyses included in the thesis, reviews the 
strengths and limitations, and discusses the public health implications and recommendations for 
future research. Figure 1.2 below schematically summarises the papers included in the thesis.   
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Note, while Papers 1 and 2 are systematic reviews, the rest are original papers based on data from the Australian Longitudinal Study on Women’s 
Health (ALSWH) and the Mothers and their Children’s Health (MatCH) study. 
Figure 1.2. Schematic representation of papers included the thesis  
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Chapter 2 | Literature review 
This chapter provides an extensive literature review on the associations between maternal pre-
pregnancy BMI, diabetes in pregnancy and hypertensive disorders of pregnancy (HDP) and 
offspring childhood growth and development. For each paper included in this thesis, the literature 
specific to that particular paper has been included in the relevant section of the paper.  
The structure of the chapter is as follows. First, an overview on child development and growth is 
presented. Second, two systematic reviews on the association between 1) maternal pre-pregnancy 
obesity and offspring childhood physical and cognitive development, and 2) maternal diabetes in 
pregnancy and offspring childhood cognitive development are provided separately. Updates to the 
systematic reviews since they were published immediately follow each one. Third, the associations 
between 1) maternal diabetes in pregnancy and offspring childhood physical development, 2) HDP 
and offspring childhood physical and cognitive development, and 3) maternal pre-pregnancy BMI 
and offspring childhood anthropometrics are reviewed. Finally, the Chapter concludes with the 
overall summary of the literature review. 
2.1. Overview of child growth and development 
Early child development, a period between gestation and 8 years of age, is a foundation for future 
educational outcome, health and wellbeing throughout the life-course. Early child development, 
which includes the physical, social, and cognitive domains of development, each equally important 
and strongly influenced by each other, has been recognised as a key social determinant of health (1, 
2). 
Globally, over 200 million children in the first 5 years of age fail to reach their developmental 
potential (3). Similarly, in Australia in 2015 over one in five Australian children was found to be 
developmentally vulnerable during school entry on at least one domain (physical health and 
wellbeing, social competence, emotional maturity, language and cognitive skills and 
communication skills and general knowledge) of the Australian Early Development Census 
(AEDC), with about 11% of children developmentally vulnerable on two or more of the AEDC 
domains (4). 
Childhood overweight and obesity is also a serious public health problem, mainly in developed 
countries. It is also a growing concern in developing countries although undernutrition is still an 
issue. For instance, in 2013, more than one in five children was overweight or obese in developed 
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countries, whereas about 13% of boys and 8% of girls in developing countries were overweight or 
obese (5). Similarly in Australia, more than one quarter of children (27.4%) between the ages of 5 
and 17 years were overweight or obese in 2014-15 (6). 
The prenatal period and the first few years of life are highly sensitive periods for brain 
development, as this is when the brain has the greatest neuroplasticity. Thus identifying important 
factors linked with child development during this period provides a window of opportunity to 
improve health across the entire life-course (7). Scientific evidence shows that interventions during 
this period of development are cost-effective and proven to reduce long-term negative effects (8, 9). 
Several factors, ranging from biological to environmental factors, influence early child development 
(10, 11). Preconception weight and pregnancy complications, the primary foci of this thesis, and 
preconception nutrition are among the key areas identified for intervention during the critical period 
of development (12-14). 
From the above overview, it is apparent that early child development is a critical period of 
development that can be influenced by a range of factors. The following sections will present a 
literature review on the associations of maternal pre-pregnancy BMI and pregnancy complications 
and offspring childhood growth and development. 
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2.2. Maternal pre-pregnancy obesity and offspring childhood physical and 
cognitive development: a systematic review (Paper 1) 
CONTEXT AND OBJECTIVES  
Maternal obesity, usually associated with adverse birth outcomes, has been a major public health 
concern. Studies examining its effect on the physical and cognitive development of offspring have 
only recently emerged and the findings are heterogeneous. Thus, a systematic review has been 
conducted focusing on the following objectives: 
- to systematically examine the role of maternal pre-pregnancy obesity on the offspring’s 
physical and cognitive development using the available evidence and  
- to identify deficient areas to focus future research efforts.  
This section includes a paper published in the International Journal of Obesity:  
Adane AA, Mishra GD, Tooth LR. Maternal pre-pregnancy obesity and childhood physical 
and cognitive development of children: a systematic review. International Journal of Obesity. 
2016;40(11):1608-18. 
 
  
The formatting of the original version of the paper has been slightly modified to adapt to the format 
of this thesis, but the text content has not been modified. 
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ABSTRACT  
Background and aims: Maternal obesity, usually associated with adverse birth outcomes, has been 
a serious public health concern. Studies examining its effect on the physical and cognitive 
development of children have only recently emerged and the findings are inconsistent. This review 
aimed to systematically examine the role of maternal obesity on children’s physical and cognitive 
development using the available evidence. 
Methods: The CINAHL, EMBASE, PSYCINFO, PUBMED and SCOPUS databases were 
searched. Studies addressing children’s (≤12 years) physical and cognitive development as outcome 
and maternal pre-pregnancy body mass index as an exposure were included. Data were extracted 
and evaluated for quality by two independent reviewers. 
Results: A total of 17 articles were eligible for this systematic review; 10 of them were birth 
cohorts from the USA. Nine of the fourteen studies supported an adverse association between 
maternal pre-pregnancy obesity and childhood cognitive development. A few studies also 
demonstrated a negative association between maternal obesity and gross motor function in children 
(5 of 10) but not with fine motor function (none out of five studies). Whether the observed negative 
association between maternal obesity and children’s cognitive and gross motor abilities is casual or 
due to residual confounding effects is unclear. The current evidence is based on a limited number of 
studies with heterogeneous measurement scales and obesity definition.  
Conclusions: From the available evidence, it seems that exposure to maternal pre-pregnancy 
obesity in the intrauterine environment has a detrimental effect on children’s cognitive 
development. However, evidence of the association between maternal obesity and physical 
development of children is too scarce to offer a conclusion. More research work is required to 
delineate the intrauterine effect of maternal obesity from the residual confounding effects. 
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INTRODUCTION 
The rate of overweight/obesity is rising across many nations of the world because of sedentary 
lifestyles, unhealthy diet and low socioeconomic status (SES) (15). Maternal obesity (body mass 
index (BMI) ≥30) has been a public health concern over the last three decades. For example, in the 
USA the proportion of women with pre-pregnancy obesity increased from 13.0% in 1993-94 to 
22.0% in 2002-03, an increase of 69.3% (16). Similarly, there has been an increasing trend of 
maternal obesity, particularly severe obesity, in Australia where maternal obesity is already an 
endemic problem (17, 18).  
Maternal pre-pregnancy obesity is one of the most common modifiable risk factors associated with 
higher maternal and perinatal adverse outcomes. It is an important cause of maternal morbidities 
such as pre-eclampsia, gestational diabetes mellitus (GDM) and increased risk of caesarean section 
births (19, 20). Birth defects (20), macrosomia (17, 20), stillbirth (17, 20) and preterm birth (21, 22) 
are commonly encountered adverse perinatal outcomes in children exposed to maternal obesity in 
utero compared with children born to women with a BMI within the normal range (BMI of 18.50 - 
24.99) (23). To date, several studies have also demonstrated that the children of obese mothers are 
more likely to be obese and at increased risk of cardiovascular diseases later in life (24). 
In addition to these perinatal and long-term health consequences, recent evidence has suggested that 
maternal obesity may be negatively associated with children's neurodevelopment. For instance, 
reviews by Van Lieshout et al (25, 26) found maternal obesity to be an important risk factor for 
attention deficit hyperactivity disorder (ADHD), and psychiatric, behavioural and cognitive 
impairments in children exposed to maternal obesity in utero. Importantly however, only a total of 
six studies (27-32) in these two reviews primarily assessed the cognitive development of children 
born to obese mothers. As such, the findings were inconclusive, a fact acknowledged by the authors 
who called for further research. Another limitation of these reviews by Van Lieshout et al was that 
they lacked specificity by including cognitive, behavioural, fetal alcohol syndrome, eating or 
psychiatric disorders as neurodevelopmental outcomes. Since then, additional observational studies 
(33-35) have emerged supporting the negative association between maternal pre-pregnancy obesity 
and children’s cognitive development in particular. Evidence has also emerged (29, 36-40) 
concerning the association between maternal obesity and children’s physical development (both 
gross and fine motor). However, the findings are inconclusive.  
Despite the lack of clear mechanisms, maternal obesity has been suggested to directly affect the 
physical and cognitive development of children through intrauterine fetal programming caused by 
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increased levels of fatty acids, glucose, leptin, and inflammatory markers (41). The mechanism may 
also operate through maternal obesity complications such as GDM and hypertensive disorders in 
pregnancy, which are suggested to have an effect on the neurocognitive development of children 
(42, 43).  
Since the last review of Van Lieshout et al, a significant amount of papers have been published. 
Thus, this review aimed to systematically identify and synthesize current evidence from 
observational studies on the relationship between maternal obesity and physical and cognitive 
development of children. In addition, this review also intended to identify areas for future research 
efforts.  
METHODS  
Data sources and search strategies  
This systematic review adhered to the Preferred Reporting Items for Systematic Reviews and Meta-
Analyses (PRISMA) guidelines (44). Systematic searches were carried out in the CINAHL, 
EMBASE, PSYCINFO, PUBMED and SCOPUS databases using key word combinations tailored 
to each database up to the end of October 2015. The details of the searching techniques are in a 
supplemental table (Supplemental Table S2.1). These searches were limited to studies on humans 
and in English. Additionally, the reference lists of all identified relevant records were also manually 
searched for additional studies.  
Study selection  
Any study that examined maternal pre-pregnancy BMI as an exposure and children’s physical, 
cognitive or language development as an outcome of interest in children aged ≤ 12 years was 
included. Studies were excluded if they were reviews, commentaries, and case or descriptive 
designs lacking relevant control groups. Further studies were also excluded when they measured 
nonspecific child outcomes such as developmental delay or intellectual disability (i.e often includes 
impairments in both IQ and adaptive behaviours).  
Records deemed relevant from the title screening were further evaluated using the information 
available in the abstract by two independent reviewers (A.A.A and L.R.T) using the eligibility 
criteria. If studies were considered potentially relevant from the abstract screening, the full text 
article was read by the same independent reviewers. Disagreements were resolved by face to face 
discussions and through reviewing records together (Figure 2.1). 
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Figure 2.1. Flow diagram of studies included in the systematic review of maternal obesity and 
offspring physical and cognitive development 
Data extraction  
Data on the first author, publication year, country, study design, sample size, exposure (weight and 
height measurement; objective versus self-report, timing; pre-pregnancy versus during pregnancy), 
outcome (type, measurement and children’s age during assessment), confounders 
accounted/adjusted for and main findings were extracted by two independent reviewers using a 
standardized data extraction format. 
Quality assessment 
The NEWCASTLE - OTTAWA Scale (NOS) (45) for cohort studies was used to assess the quality 
of the included studies. The cohort studies subsection broadly assesses three areas of quality: 1) 
selection (representativeness of the exposed cohort, selection of the non-exposed cohort, 
ascertainment of the exposure and demonstration that the outcome of interest was not present at the 
start of the study), 2) comparability (comparability of cohorts on the basis of the design or analysis) 
and 3) outcome (assessment, follow up duration and adequacy). A study was awarded a minimum 
Records identified through database 
searching (total n = 11109) 
CINAHL (n = 266) 
EMBASE (n = 4811) 
PSYCINFO (n = 639) 
PUBMED (n = 2832) 
SCOPUS (n = 2561) 
 
 
 
Records screened by title 
reading (n = 8854)  
Records screened by abstract 
(n =183) 
 
Records screened by full 
document (n = 46) 
Records removed (n = 8671) 
- Not relevant or further 
duplicates 
Records removed (n = 139) 
  
Studies included in the 
systematic review (n =17) 
Duplicates removed (n = 2255) 
 
Excluded (n = 29) because: 
- No relevant exposure (n = 15) 
- No relevant outcome (n = 5) 
- Descriptive (n = 1)  
- Duplicate abstracts (n = 2)  
- Only abstract available (n = 4) 
- Conducted with the same populations 
of included studies (n = 2) 
 
Other sources 
(n = 2) 
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score of zero (most likely biased) through to a maximum score of nine (highly unlikely to be 
biased) (Supplemental Table S2.2).  
Data synthesis and analysis  
Meta-analysis was not undertaken because of the heterogeneous measures of cognitive, language 
and physical development outcomes as well as the use of diverse BMI classifications – some used 
BMI as a continuous variable, others collapsed obesity and overweight together. The existing 
studies also varied in the definition of control groups. Consequently, a narrative review and 
qualitative summarisations were undertaken.  
RESULTS  
A total of 11 109 records were identified in the above datasets with English language restriction. 
However, most records were either duplicates (n = 2 255) from the preliminary screening or 
identified as not relevant or further duplicates (n = 8 671) in the title screening. The abstracts of 183 
articles were then evaluated independently by two reviewers and 44 were kept for the final full 
document evaluation. Additionally, two potentially eligible articles were found during manual 
searching from the reference lists of relevant records. The full record evaluation on the 46 articles 
resulted in 23 eligible studies. Of these, six were further excluded; four (46-49) because only 
abstracts were available and two (50, 51) which analysed the same populations used in the other 
(33, 52) included studies. Overall, 17 studies (28-40, 52-55) were eligible for this systematic review 
(Figure 2.1).  
Study characteristics 
All but two of the eligible studies were conducted over the last five years; 10 of them were 
published after the last review of Van Lieshout et al. Most, 10 of 17 studies, were from the USA 
and the rest were from European countries. Children’s age during outcome (cognitive, language and 
or motor development) evaluation ranged from 4 months to 11.5 years. Despite the use of diverse 
assessment scales, different versions of the Bayley Scale of Infant Development (BSID) (56-58) 
was the most frequently utilized. The sample size of included studies varied from 62 to 30 212 and 
most (n = 15) were prospective cohorts. Two of the included studies (39, 52) were limited to very 
preterm children (gestational age ≤ 30 months). Maternal pre-pregnancy BMI was measured by 
self-reported maternal weight prior to pregnancy, reported by the subject during pregnancy or 
sometime after birth (Table 2.1 and Table 2.2). 
Chapter 2 | 20 
 
 
 
Table 2.1. Characteristics of the included studies in the systematic review of maternal obesity and offspring cognitive development 
Study  Sample 
size  
Exposure 
measurement 
Outcome 
assessment  
Outcome 
type  
Main findings between maternal BMI & offspring’s cognitive 
development 
Limitations/ NOS Score  
Basatemur 
et al 2013† 
UK 
N1 = 11, 
025 (5y) 
N2 = 9882 
(7y) 
Pre-pregnancy 
BMI (self-
reported) 
 
BAS-II 
(naming 
vocabulary, 
picture 
similarities & 
pattern 
construction) at 
5y 
BAS-II (word 
reading & 
pattern 
construction) & 
number skills 
test at 7y 
General 
cognitive 
ability (g 
score) 
(verbal, 
nonverbal & 
spatial 
ability)  
At age 5y 
General cognitive ability, 
(β, P) 
 Pre-pregnancy BMI, (-
0.08, P = 0.0069) 
 
At age 7y 
General cognitive ability, (β, 
P) 
Pre-pregnancy BMI, (-0.17, P 
< 0.0001) 
 
Measurement: Retrospective 
maternal self-report of pre-
pregnancy weight & height 
when their children were 9m 
old. 
Control of error: Did not adjust 
for maternal IQ, HDP & GA. 
NOS = 6 
Bliddal et 
al 2014† 
Denmark 
N = 1783  Pre-pregnancy 
BMI (self-
reported) 
WPPSI-R at 5y IQ IQ, β (95%CI) 
 Pre-pregnancy BMI, -0.27 (-0.50, -0.03), SE = 0.12 
Sampling: Oversampled 
alcohol users.  
Measurement: Self-reported 
pre-pregnancy weight & height 
at 16th week of pregnancy. 
Control of error: Did not adjust 
for maternal IQ, SES, DM & 
HDP. 
NOS = 5 
Brion et al 
2011† 
UK & 
Netherlands 
 
ALSPAC 
study  
N1 ~ 5000 
Generation 
R study 
N2 ~ 2500 
ALSPAC study 
Pre-pregnancy 
BMI (self-
reported)  
Generation R 
study 
Pre-pregnancy 
BMI 
(self-reported or 
clinically 
measured); 
normal (18.5-
ALSPAC study 
MacArthur 
Toddler 
Communication 
questionnaire () 
at 38m, 
DANVA & 
WISC II at 8y 
Generation R 
study 
Language 
development 
Nonverbal 
skills, 
sentence 
length, 
word 
production 
& IQ 
(ALSPAC 
only) 
ALSPAC study 
Nonverbal skills 
(DANVA), OR (95%CI) 
 Overweight/obesity, 0.97 
(0.83, 1.14) 
Sentence length 
(MacArthur), OR (95%CI) 
 Overweight/obesity, 0.88 
(0.78, 1.00) 
Word production 
(MacArthur), OR (95%CI) 
Generation R study 
Nonverbal skills (PARCA), 
OR (95%CI) 
 Overweight/obesity, 1.08 
(0.90, 1.30) 
Sentence length (LDS), OR 
(95%CI)  
 Overweight/obesity, 0.88 
(0.74, 1.05)  
Word production (LDS), OR 
(95%CI) 
Measurement: Self-reported 
pre-pregnancy weight & height 
at 12 – 18th week of 
pregnancy. 
Merged overweight & obesity.  
Maternal self-reported child 
development outcomes.  
NOS = 5 
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24.9), 
overweight (25-
29.9) & obese 
(≥30.0) 
Survey (LDS) 
& PARCA at 
30m 
 Overweight/obesity, 0.95 
(0.84, 1.08) 
IQ, OR (95%CI)  
 Overweight/obesity, 0.84 
(0.73, 0.98) 
 Overweight/obesity, 0.91 
(0.76, 1.08) 
Casas et al 
2013† 
Spain & 
Greece 
INMA 
study 
N1 = 1866  
RHEA 
study 
N2 = 397  
Pre-pregnancy 
BMI (self-
reported); normal 
(18.5-24.9), 
overweight (25-
29.9), obese 
(≥30.0) 
INMA study 
BSID-I at 14m  
RHEA study 
BSID-III at 
18m 
Cognitive 
development  
 
INMA study 
Cognitive, β (95% CI) 
 Overweight, -0.88 (-2.63, 
0.88) 
 Obesity, -2.69 (-5.27, -
0.11) 
RHEA study 
Cognitive, β (95% CI) 
 Overweight, 1.34 (-2.32, 5.00) 
 Obesity, -3.92 (-8.60, 0.76)  
Measurement: Self-reported 
pre-pregnancy weight in first 
trimester of pregnancy. 
Control of error: Did not adjust 
for maternal IQ, SES, DM & 
HDP as well as GA & BW. 
NOS = 5 
Heikura et 
al 2008† 
Finland 
NFBC 
1966  
N1 = 
12,058  
NFBC 
1986 
N2 = 
9,432 
 
Pre-pregnancy 
BMI (self-
reported);  
normal (18.5-
24.9), 
overweight (25-
29.9) & obese 
(≥30.0) 
ID measured by 
“standardized 
psychometric 
test or a clinical 
developmental 
assessment” at 
various times 
up to 11.5y 
ID (IQ<70) 
Severe ID 
(IQ<50) 
Mild ID (IQ 
= 50-70) 
 
NFBC 1966  
ID, OR (95%CI)  
 Overweight, 1.0 (0.6, 1.6)  
 Obese, 1.3 (0.5, 3.1)  
Mild ID, OR (95%CI) 
 Overweight, 0.6 (0.2, 1.6) 
 Obese, 0.5 (0.1, 3.8) 
Severe ID, OR (95%CI) 
 Overweight, 0.9 (0.5, 1.6) 
 Obese, 1.0 (0.4, 2.5) 
NFBC 1986 
ID, OR (95%CI)  
 Overweight, 1.1 (0.6, 1.9) 
 Obese, 3.6 (2.0, 6.6) 
Mild ID, OR (95%CI) 
 Overweight, 0.7 (0.3, 1.7) 
 Obese, 2.9 (1.3, 6.1) 
Severe ID, OR (95%CI) 
 Overweight, 1.4 (0.6, 3.1) 
 Obese, 2.6 (0.9, 7.7) 
Measurement: Retrospective 
maternal self-report of weight 
at 
~25 weeks of gestation. 
Control of error: Did not adjust 
for maternal IQ, DM & HDP 
as well as GA & BW.  
NOS = 6 
Hinkle et al 
2012† 
USA 
 
N = 6850 Pre-pregnancy 
BMI (self-
reported);  
normal (18.5-
24.9), 
overweight (25-
29.9), obese class 
I (30.0–34.9) & 
obese classes II 
& III (≥35.0) 
BSID-II at 2y MDI  MDI, β (95% CI) 
 Overweight, -0.21 (-0.88, 0.46) 
 Obese class I, -0.57 (-1.63, 0.48) 
 Obese class II & III, -2.13 (-3.32, -0.93) 
Measurement: Retrospective 
maternal self-report of weight 
& height when their children 
were 9m old. 
Control of error: Did not adjust 
for maternal IQ, DM & HDP 
as well as GA & BW.  
NOS = 5 
Hinkle et al 
2013† 
USA 
 
N = 5200 Pre-pregnancy 
BMI (self-
reported);  
normal (18.5-
24.9), 
overweight (25-
Reading & 
Math skills 
tests at ~68m  
Reading & 
Math skills 
 
Reading Z-score, β (95% 
CI) 
 Overweight, -0.11 (-0.19, -
0.03) 
 Obese class I, -0.14 (-0.27, 
-0.00) 
Math Z-score, β (95% CI) 
 Overweight, -0.06 (-0.13, 
0.02) 
 Obese class I, -0.06 (-0.16, 
0.04) 
Measurement: Retrospective 
maternal self-report of weight 
& height when their children 
were 9m old. 
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29.9), obese class 
I (30.0–34.9) & 
obese classes II 
& III (≥35.0) 
 Obese class II & III, -0.14 
(-0.29, 0.02) 
 Obese class II & III, -0.14 (-
0.29, 0.01) 
Control of error: Did not adjust 
for maternal IQ, DM & HDP 
as well as GA & BW.  
NOS = 5 
Huang et al 
2014† 
USA  
N = 30 
212 
Pre-pregnancy 
BMI (self-
reported);  
normal (18.5-
24.9), 
overweight (25-
29.9) & obese 
(≥30.0) 
WISC-I at 7y IQ FIQ, β (95% CI) 
 Overweight, -0.3 (-
1.1, 0.5) 
 Obese, -2.0 (-3.5, -
0.5) 
PIQ, β 
(95% CI) 
 
Overweight, 
-0.2 (-1.1, 
0.8) 
 Obese, -1.0 
(-2.7, 0.7) 
VIQ, β (95% CI) 
 Overweight, -0.5 (-1.3, 
0.4) 
 Obese, -2.5 (-4.0, -1.0) 
Measurement: Retrospective 
maternal self-report of weight 
& height after 3-5m of 
gestation. 
Control of error: Did not adjust 
for maternal IQ, DM & HDP 
as well as GA & BW.  
NOS = 5 
Islam 
2000† 
USA 
N = 740  Pre-pregnancy 
BMI 
(measurement is 
not reported); 
BMI <22 vs 22+  
BSID at 1y 
WISC-I at 5y 
MDI & IQ 
 
IQ (≤70), OR (95% CI) 
BMI (≥22), 1.7 (0.8, 3.8) 
MDI (≤100), OR (95% CI) 
BMI (≥22), 1.9 (0.8, 4.3) 
Sampling: Highly selected 
sample (African American & 
Caucasian families of low 
SES). High rate of attrition.  
Measurement: Maternal pre-
pregnancy weight & height 
measurement are not reported.  
The median maternal BMI was 
used rather than the standard 
BMI definition.  
NOS = 5 
Neggers et 
al 2003† 
USA 
 
N = 355 Pre-pregnancy 
BMI (self-
reported);  
normal (19.8-
26.0), 
overweight 
(26.1-29.0) & 
obese (>29.0)  
DAS at ~5y DAS-IQ, 
verbal  
& nonverbal 
ability  
 
Intellectual ability, Cohen’s 
d (95% CI) 
 Overweight, -0.29 (-0.62, 
0.03)  
 Obese, -0.35 (-0.59, -0.12)  
Non-verbal score, Cohen’s 
d (95% CI) 
 Overweight, -0.22 (-0.55, 
0.10) 
 Obese, -0.35 (-0.59, -0.11)  
Verbal score, Cohen’s d (95% 
CI) 
 Overweight, -0.12 (-0.44, 
0.21) 
 Obese, -0.14 (-0.38, 0.10) 
Sampling: Highly selected 
small 
& disadvantaged sample (low 
SES, low mean maternal & 
child 
IQ, low zinc level). High rate 
of attrition. 
Measurement: Retrospective 
maternal self-report of weight 
at 
~23 weeks gestation. 
Control of error: No 
adjustment for maternal SES, 
IQ, DM & HDP as well as GA.  
NOS = 4 
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Polańska et 
al 2015† 
Poland 
N = 538 Pre-pregnancy 
BMI (self-
reported);  
normal (18.5-
24.9) & 
overweight/obese 
(≥25.0)  
BSID-III at 1 & 
2y 
Cognitive & 
language 
composition 
scores  
At the age of 1y  
Cognitive, β (95% CI) 
 Overweight/obese, 2.8 (-
0.04, 5.7)  
Language, β (95% CI) 
 Overweight/obese, 1.6 (-
1.2, 4.5) 
At the age of 2y 
Cognitive, β (95% CI) 
 Overweight/obese, 2.2 (-1.4, 
5.7) 
Language, β (95% CI) 
 Overweight/obese, 1.4 (-2.1, 
4.9)  
Sampling: Selected small 
sample (multiple exclusions).  
Measurement: Retrospective 
maternal self-report of weight 
in first trimester of pregnancy. 
Merged overweight & obesity.  
NOS = 5 
Pugh et al 
2015† 
USA 
N = 530 Pre-pregnancy 
BMI (self-
reported);  
normal (18.5-
24.9), 
overweight (25-
29.9) & obese 
(≥30.0) 
SBIS, WCST & 
TMT-B at age 
10y 
 
IQ &  
executive 
function  
IQ, Cohen’s d (95% CI) 
 Overweight, -0.18 (-0.41, 
0.06) 
 Obese, -0.32 (-0.62, -0.03) 
Executive function, Cohen’s d 
(95% CI) 
 Overweight, 0.02 (-0.21, 0.25) 
 Obese, 0.30 (0.01, 0.60) 
Sampling: Highly selected 
relatively small sample (cohort 
of substance user mothers).  
Measurement: Self-reported 
pre-pregnancy weight & height 
at 19th weeks of gestation.  
Control of error: No 
adjustment for maternal SES, 
DM & HDP as well as GA & 
BW.  
NOS = 6 
Reynolds et 
al 2014† 
USA 
N = 62 
 
Pre-pregnancy 
BMI (record 
based); obese 
(≥30) & none 
(<30.0)  
BSID-III at 2y Cognitive & 
language 
composition 
scores 
Cognitive, β (95% CI) 
 Obese, -3.85 (-9.38, 1.68) 
Language, β (95% CI) 
 Obese, -9.36 (-15.11, -3.61) 
Sampling: Highly selected 
small sample (very preterm 
infants).  
Control group is non-obese 
mothers other than normal 
overweight mothers.  
Control of error: no adjustment 
for maternal DM & HDP as 
well as BW.  
NOS = 5 
Tanda et al 
2012‡ 
USA 
 
N = 3,412 Pre-pregnancy 
BMI (self-
reported);  
normal (18.5-
24.9), 
overweight (25-
29.9) & obese 
(≥30.0) 
PIAT at 5-7y PIAT 
reading & 
Math test 
scores  
PIAT reading recognition 
(β, SE) 
 Overweight (-0.81, 0.59, P 
> 0.05) 
 Obese (-3.14, 0.80, P = 
0.001) 
PIAT Math (β, SE) 
 Overweight (-0.81, 0.57, P > 
0.05) 
 Obese (-2.37, 0.83, P = 0.01) 
Measurement: Self-reported 
pre-pregnancy weight & 
height.  
Control of error: No 
adjustment for maternal IQ, 
DM & HDP.  
NOS = 5 
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Torres-
Espinola et 
al 2015† 
Spain 
N1 = 215 
at 6m 
N2 = 197 
at 18m 
 
Pre-pregnancy 
BMI (self-
reported or from 
medical records);  
normal (18.5-
24.9), 
overweight (25-
29.9) & obese 
(≥30.0) 
BSID-III at 6 & 
18m 
 
 
Cognitive & 
language 
composition 
scores 
At the age of 6m 
Cognitive, Cohen’s d (95% 
CI)  
 Overweight, 0.20 (-0.17, 
0.57)  
 Obese, 0.69 (0.27, 1.11)  
Language, Cohen’s d (95% 
CI)  
 Overweight, 0.41 (0.04, 
0.78) 
 Obese, 0.62 (0.21, 1.04) 
At the age of 18m 
Cognitive, Cohen’s d (95% CI)  
 Overweight, 0.27 (-0.11, 0.65)  
 Obese, 0.12 (-0.31, 0.55) 
Language, Cohen’s d (95% CI)  
 Overweight, -0.19 (-0.57, 
0.19) 
 Obese, -0.26 (-0.69, 0.17) 
Sampling: Small sample.  
Measurement: Self-reported 
maternal pre-pregnancy weight 
& height or from medical 
records.  
Control of error: No 
adjustment for most key 
confounders. 
NOS = 4 
aVan Der 
Burg et al 
2015† 
USA 
N = 852 Pre-pregnancy 
BMI (self-
reported); normal 
(<25), 
overweight (25-
30) & obese 
(≥30.0) 
BSID-II at 24m 
(corrected age) 
MDI  MDI (<55), RR (95%CI) 
 Overweight, 1.2 (0.7, 2.0) 
 Obese, 2.1 (1.3, 3.5)  
MDI (55–69), RR (95%CI) 
 Overweight, 1.0 (0.6, 1.7) 
 Obese, 1.5 (0.9, 2.5) 
Sampling: Highly selected 
sample of extremely preterm 
born children.  
Measurement: Self-reported 
maternal pre-pregnancy weight 
& height. 
Control of error: No 
adjustment for maternal IQ, 
DM & HDP.  
NOS = 6 
Abbreviations; BW: birthweight, BAS: British Ability Scale, BMI: body mass index, BSID: Bayley Scales of Infant Development, CI: confidence internal, DM: diabetes mellitus (pre-gestational or gestational), DANVA: Diagnostic 
Analysis of Nonverbal Accuracy, DAS: Differential Ability Scale, FIQ: full Intelligence Quotient, GA: gestational age, HR: hazard ratio, HDP: hypertensive disorders in pregnancy, ID: Intellectual Disability, IQ: Intelligence 
Quotient, MDI: Mental Development Index, m: month/s, NOS: Newcastle-Ottawa Scale, N: sample size, OR: odds ratio, PARCA: Parent Report of Children’s Abilities, PIAT: Peabody Individual Achievement Test, PIQ: 
performance IQ, P: P-value, RR: Risk Ratio, SBIS: Stanford–Binet Intelligence Scale, SD: standard deviation, SE: standard error, SES: socioeconomic status, TMT-B: Trail Making Test Part B, VIQ: verbal IQ, WISC: Wechsler 
Intelligence Scale for children, WPPSI: Wechsler Preschool and Primary Scale of Intelligence, WCST: Wisconsin Card Sorting Test , y: year/s, †cohort study, ‡descriptive observational 
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Table 2.2. Characteristics of the included studies in the systematic review of maternal obesity and offspring physical development 
Study  Sample size Exposure measurement Outcome 
assessment  
Outcome 
type 
Main findings between maternal BMI & offspring’s physical development 
Casas et al 
2013 
Spain & 
Greece  
INMA 
study 
N1 = 1866  
RHEA 
study 
N2 = 397  
Pre-pregnancy BMI (self-
reported); normal (18.5-24.9), 
overweight (25-29.9), obese 
(≥30.0) 
 
INMA study 
BSID-I at 14m  
RHEA study 
BSID-III at 18m 
Motor 
composite 
score and 
PDI  
INMA study  
PDI, β (95% CI) 
 Overweight, -1.61 (-3.38, 
0.16) 
 Obese, -1.85 (-4.45, 
0.75)  
RHEA study  
Fine motor, β (95% CI)  
 Overweight, -2.23 (-
5.88, 1.42) 
 Obese, -1.67 (-6.33, 
3.00) 
RHEA study  
Gross motor, β (95% 
CI) 
 Overweight, 3.49 (-
0.69, 7.67) 
 Obese, -0.40 (-5.75, 
4.94) 
Hinkle et al 
2012 
USA 
N = 6850 Pre-pregnancy BMI (self-
reported); normal (18.5-24.9), 
overweight (25-29.9), obese 
class I (30.0–34.9) & obese 
classes II & III (≥35.0) 
BSID-II at 2y PDI PDI, β (95% CI)  
 Overweight, 0.13 (-0.52, 0.78) 
 Obese class I, 0.22 (-0.82, 1.26) 
 Obese class II & III, -0.30 (-1.69, 1.09) 
Hinkle et al 
2013 
USA 
N = 5200 Pre-pregnancy BMI (self-
reported); normal (18.5-24.9), 
overweight (25-29.9), obese 
class I (30.0–34.9) & obese 
classes II & III (≥35.0) 
Gross motor 
tasks at ~68m  
Gross and 
fine motor 
function 
Low fine motor, RR (95% CI)  
 Overweight, 0.97 (0.63, 1.51) 
 Obese class I, 1.29 (0.82, 2.03) 
 Obese class II & III, 1.49 (0.85, 
2.61) 
Low gross motor, RR (95% CI) 
 Overweight, 1.42 (1.01, 2.00) 
 Obese class I, 1.09 (0.65, 1.84) 
 Obese class II & III, 1.73 (1.16, 2.58) 
Islam 
2000† 
USA 
N = 740  Pre-pregnancy BMI 
(measurement is not reported); 
BMI categorised in to <22 & 
≥22 
BSID at 1y & 
Peabody Motor 
Scale at 5y 
Gross 
motor, fine 
motor and 
PDI 
Gross motor (≤150), OR 
(95% CI) BMI (≥22), 2.9 
(1.4, 6.1)  
Fine motor (≤150), OR 
(95% CI)  
 BMI (≥22), 1.6 (0 .7, 3 
.3) 
PDI (≤94), OR (95% 
CI)  
 BMI (≥22), 0.7 (0.3, 
1.6) 
Neggers et 
al 2003 
USA 
N = 355 Pre-pregnancy BMI (self-
reported); normal (19.8-26.0), 
overweight (26.1-29.0) & obese 
(≥29.0)  
Peabody Motor 
Scale at ~5y 
Gross 
motor score 
Gross motor score, Cohen’s d (95% CI)  
 Overweight, -0.24 (-0.56, 0.09) 
 Obese, -0.18 (-0.41, 0.06) 
Polańska et 
al 2015 
Poland 
N = 538 Pre-pregnancy BMI (self-
reported); normal (18.5-24.9) & 
overweight/obese (≥25.0)  
BSID-III at 1 & 
2y 
Motor 
composite 
score 
At the age of 1y  
Motor composite, β (95% CI) 
 Overweight/obese, 0.8 (-2.2, 3.9)  
At the age of 2y 
Motor composite, β (95% CI) 
 Overweight/obese, -0.04 (-3.8, 3.7)  
Reynolds et 
al 2014 
USA 
N = 62 
 
Pre-pregnancy BMI (weight 
collected from medical chart); 
obese (≥30) & none (<30.0)  
BSID-III at 2y Motor 
composite 
score 
Motor composite, Cohen’s d (95% CI) 
 Obese, -0.86 (-1.47, -0.25) 
Torres-
Espinola et 
al 2015 
Spain 
N1 = 215 at 
6m 
N2 = 197 at 
18m 
Pre-pregnancy BMI (self-
reported or from medical 
records); normal (18.5-24.9), 
BSID-III at 6 & 
18m 
 
Motor 
composite 
score 
At the age of 6m 
Gross motor, Cohen’s d (95% CI) 
 Overweight, -0.15 (-0.51, 0.22)  
 Obese, -0.04 (-0.45, 0.37) 
At the age of 18m 
Gross motor, Cohen’s d (95% CI) 
 Overweight, -0.44 (-0.82, -0.06) 
 Obese, -0.54 (-0.97, - 0.11) 
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overweight (25-29.9) & obese 
(≥30.0) 
Fine motor, Cohen’s d (95% CI)  
 Overweight, -0.05 (-0.41, 0.32)  
 Obese, 0.19 (-0.22, 0.60) 
Fine motor, Cohen’s d (95% CI) 
 Overweight, -0.05 (-0.42, 0.33)  
 Obese, -0.13 (-0.56, 0.30) 
Van Der 
Burg et al 
2015 
 USA 
N = 852 Pre-pregnancy BMI (self-
reported); normal (<25), 
overweight (25-30) & obese 
(≥30.0) 
BSID-II at 24m 
(corrected age) 
PDI PDI <55, RR (95%CI) 
 Overweight, 0.8 (0.5, 1.3) 
 Obese, 1.7 (1.1, 2.7) 
PDI = 55–69, RR (95%CI) 
 Overweight, 1.3 (0.8, 2.1)  
 Obese, 1.2 (0.7, 2.0) 
Wylie et 
al* 2015  
USA 
N = 4,901 Pre-pregnancy BMI (self-
reported or from records); 
normal (<25), overweight (25-
29.99) & obese (≥30.0) 
 
Maternal report 
on motor 
milestones at 4, 
8, 12, 18, & 
24m  
 
Time to 
achieve 6 
motor 
milestones 
Sit without support, HR (95% CI) 
 Overweight, 1.01 (0.93, 1.09) 
 Obese, 0.91 (0.84, 0.99) 
Crawl on hands & knees, HR (95% 
CI) 
 Overweight, 1.00 (0.91, 1.08) 
 Obese, 0.86 (0.79, 0.93) 
Stand with assistance, HR (95% CI) 
 Overweight, 1.01 (0.93, 1.09) 
 Obese, 0.93 (0.85, 1.01) 
Walk with assistance, HR (95% CI) 
 Overweight, 1.08 (0.98, 1.17) 
 Obese, 0.96 (0.88, 1.04) 
Stand-alone, HR (95% CI) 
 Overweight, 1.02 (0.93, 1.11) 
 Obese, 1.00 (0.91, 1.09) 
Walk alone, HR (95% CI) 
 Overweight, 1.02 (0.93, 1.11) 
 Obese, 0.96 (0.87, 1.05) 
Note all are cohort studies. *child motor achievements were maternal self-reports, control of error; no adjustment for maternal SES and diabetes as well as home environment, NEWCASTLE - OTTAWA Scale (NOS) score = 6
Chapter 2 | 27 
 
 
 
Nine of 17 reviewed studies evaluated both the cognitive and physical development of children as 
an outcome of interest. Studies supporting negative, mixed, null or positive associations between 
maternal obesity and children’s developmental outcomes are presented in detail (Table 2.1 and 
Table 2.2) and major findings are highlighted in subsequent sections. For clarity, results are 
presented separately for each outcome. 
Cognitive development 
Sixteen of 17 reviewed studies assessed the cognitive development of children; 11 studies found at 
least one negative association between maternal pre-pregnancy obesity or BMI and cognitive or 
language abilities, four studies found null associations and one study found both positive and null 
associations at two different ages of the same children (Table 2.1 and Table 2.3). 
A negative association between maternal pre-pregnancy obesity and children’s cognitive 
development was first reported by Neggers and colleagues (30). In that study, children’s general 
cognitive ability and nonverbal ability scores, as measured by the Differential Ability Scale (DAS) 
at the age of 5 years, were significantly impaired in those children born to obese mothers. However, 
these mothers were a very select group: black African–American, economically disadvantaged and 
whose plasma zinc level was below the estimated median value. Recently, using data from the U.S. 
Collaborative Perinatal Project, a prospective large cohort study comprising 30 212 women, Huang 
et al (35) showed impaired full and verbal IQ scores in children exposed to maternal pre-pregnancy 
obesity. The same study also revealed an inverted U-shaped association between maternal pre-
pregnancy BMI and children’s IQ: the highest IQ score was observed when the maternal BMI was 
around 20kg/m2. Also, Tanda et al (31), in children aged from 5-7 years whose mothers were obese 
pre-pregnancy, found they had significantly lower scores of reading recognition and mathematical 
test scores, as measured by the Peabody Individual Achievement Test (PIAT) and following 
adjustment for potential confounders, compared to children with normal weight mothers. 
Basatemur et al (34) , using data from the UK Millennium Cohort Study, confirmed the negative 
association between maternal pre-pregnancy BMI and children’s general cognitive ability measured 
both at 5 and 7 years of age. On a continuous scale, a 10-point increase in BMI was associated with 
a decrease in general cognitive ability of one tenth of a standard deviation. In support of this, 
Bliddal et al (33) in children aged 5 years found a significant inverse association between maternal 
pre-pregnancy BMI and children’s Wechsler’s IQ; a decrease of 0.27 IQ points for every unit 
increase in maternal BMI was noticed. 
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Table 2.3. Summary of the association between maternal pre-pregnancy obesity and offspring 
cognitive and physical development 
Outcome type Association  Age (years) Reference 
IQ/ID ↓ 7 Huang et al 2014 
↓ 5 Neggers et al 2003 
↓ Up to 11.5 Heikura et al 2008 (NFBC 1986 birth cohort)≠ 
↓ 5 Bliddal et al 2014ϲ 
↔ 10 Pugh et al 2015 
↔ 8 Brion et al 2011* 
General cognitive 
ability (g score) 
↓ 5 & 7 Basatemur et al 2013ϲ 
MDI/cognitive 
composite score  
↓ 14 & 18 months Casas et al 2013 
↓ 24 months  Van Der Burg-2015 
↓ 24 months Hinkle et al 2012 
↔ 24 months  Reynolds et al 2014 
↔ 12 & 24 months Polańska et al 2015* 
↔ 12 months Islam 2000# 
↑ 6 months Torres-Espinola 2015** 
Language  ↓ 24 months Reynolds et al 2014† 
↓ 5 to 7 Tanda 2012  
↓ ~ 6 Hinkle et al 2013 
↔ 5 Neggers et al 2003 
↔ 12 & 24 months Polańska et al 2015* 
↔ 30 & 38 months Brion et al 2011 
↑ 6 months  Torres-Espinola 2015 
Executive function  ↔ 10 Pugh et al 2015 
Math Z score  ↔ ~ 6 Hinkle et al 2013 
Fine motor  ↔ 18 months Casas et al 2013 
↔ 6 & 18 months  Torres-Espinola 2015 
↔ 5 Islam 2000# 
↔ 24 months  Reynolds et al 2014† 
↔ ~ 6 Hinkle et al 2013 
Gross motor  ↓ 5 Islam 2000# 
↓ 6 to 24 months  Wylie et al 2015‡ 
↓ 18 months Torres-Espinola 2015$ 
↓ 24 months  Reynolds et al 2014† 
↔ ~ 6 Hinkle et al 2013 
↔ 18 months  Casas et al 2013 
↔ 5 Neggers et al 2003 
PDI/motor composite 
score  
↓ 24 months Van Der Burg-2015 
↔ 24 months Hinkle et al 2012 
↔ 12 & 24 months Polańska et al 2015* 
Abbreviations; MDI: mental development index; PDI: psychomotor development index; ID: intellectual disability (IQ < 70); IQ: intelligence 
quotient; *maternal overweight and obesity collapsed to same group; ** no association at the age of 18 months,; # used median BMI (>22); ↓ 
negative association; ↑ positive association; ↔ null association; ≠ no association in NFBC 1966 birth Cohort; ‡ negative associations were observed 
only in physical motor milestones of sitting without support and crawling on hands and knees; † used reference group other than normal weight 
mothers; $ no association at the age of 6 months; ϲ used BMI as a continuous variable  
Several studies, mainly in younger children (age < 3 years), have also found inconsistent 
associations in different birth cohorts. Casas et al (36) in two European birth cohorts, INMA (Spain, 
n = 1 866) and RHEA (Greece, n = 397), found significantly reduced Bayley’s mental development 
index (MDI) scores in infants born to obese mothers but only in the INMA birth cohort. While the 
same association was observed in the RHEA birth cohort, it was attenuated to null after adjustment 
for several covariates. Similarly, in two large birth cohorts (NFBC 1966 and NFBC 1986) in 
Finland, Heikura et al (28) followed children until the age of 11.5 years. In that study, maternal pre-
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pregnancy obesity was negatively associated with child intellectual disability (ID, IQ <70) in the 
1986 cohort but not with the earlier cohort. Another study by Hinkle et al (29) in infants has also 
reported mixed findings; severe maternal pre-pregnancy obesity (classes II and III, BMI ≥ 35.0) was 
associated with lower MDI scores. In this cohort at the age of 6 years, the same author also found 
lower children’s reading but not mathematics scores in children born to overweight and obese (class 
I, BMI 30.0 - 34.9) mothers (37). 
Preterm infants of obese mothers were also at increased risk of cognitive impairment. Van der Burg 
et al (52) demonstrated a twofold increased risk of cognitive impairment (MDI<55) at 2 years of 
age in children of obese mothers. In similarly aged infants, Reynolds et al (39) supported the 
adverse association between maternal pre-pregnancy obesity and children’s composite language 
scores but not with cognitive composite scores of the BSID-III. Overall, mainly in older children, 
the findings of a negative association were found in prospective cohort studies of large sample size 
(n = 1 783 - 30 212) and methodological quality with NOS scores ranging from 5 to 6.  
Five of the reviewed studies have found null or positive associations. Brion et al (32), using data 
from ALSPAC and Generation R studies, found no association between maternal pre-pregnancy 
overweight/obesity (BMI ≥ 25) and children’s nonverbal skills, sentence length and word 
production measured at the age of 30-38 months. Recently, Pugh et al (54), in a cohort comprised of 
substance (alcohol, marijuana) users, found no difference in IQ scores and executive function of 
children by maternal pre-pregnancy BMI. Polańska et al (38) also found no significant associations 
between maternal pre-pregnancy overweight/obesity (BMI ≥ 25) and the language and the cognitive 
abilities of infants, at 12 and 24 months of age. Another study by Islam (53), in a cohort of low SES 
women who used median value of 22 to categorize BMI, failed to detect any cognitive difference in 
children born to mothers with a pre-pregnancy BMI ≥ 22 compared to those with a BMI<22. In a 
prospective cohort study, Torres-Espinola et al (55) indicated higher cognitive and language 
composite scores at the age of 6 months in infants born to obese mothers. Even after adjustment for 
maternal age, maternal education, placental weight, and weight gain during pregnancy, the obesity 
and higher language composite score association remained significant. However, at the age of 18 
months (n = 197), no significant associations were observed except for a trend of lower gross motor 
score in infants of obese mothers. In general, studies with small size with varying definition of 
maternal pre-pregnancy BMI, found null/positive associations. 
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Physical development  
Conflicting findings were also observed in the association between maternal pre-pregnancy BMI 
and children’s physical development (Table 2.2 and Table 2.3). Ten studies examined the 
association between maternal pre-pregnancy BMI and the physical development of children: Eight 
(29, 30, 36-38, 40, 53, 55) in populations with a wide range of gestational ages (aged from 4-68 
months) and two (39, 52) in preterm infants. Of these, most examined physical development as a 
secondary outcome. Five of the 10 studies found negative associations; two (39, 55) between 
maternal pre-pregnancy overweight and or obesity and gross motor function, one (40) between 
maternal pre-pregnancy obesity and the physical motor milestones of sitting without support and 
crawling on hands and knees, one (52) between maternal pre-pregnancy obesity and Bayley’s 
psychomotor development index (PDI<55), and another one (53) between maternal pre-pregnancy 
BMI (≥22) and children gross motor score on different versions of the BSID. Hinkle et al 2013 (37) 
also found lower gross motor score in children of overweight and severely obese mothers (BMI ≥ 
35) although this finding was attenuated (P = 0.05) when finally adjusted for the child’s BMI. Five 
studies (36, 37, 39, 53, 55) examined the association between maternal BMI and fine motor 
function in children and none of them found significant associations. 
Three studies also assessed the PDI/motor composite score of children (12-29 months) born to 
overweight and obese mothers using the BSID scale (Table 3). Of these, only Van Der Burg et al 
(52), in extremely preterm infants (gestational age< 28 weeks), found a negative association 
between maternal obesity and children’s PDI at 2 years of age. A study by Polańska et al (38), 
which did not report the gross and the fine motor scores separately, found no difference in motor 
composite scores by maternal pre-pregnancy overweight and or obesity. The authors also merged 
both overweight and obese groups in the analysis. In similar age infants, Hinkle et al (29) also 
found no association between maternal pre-pregnancy overweight, obesity and severe obesity and 
infant’s scores on the PDI. Overall, most of the reviewed studies varied in sample size (n = 62 - 6 
850), child motor outcome and maternal BMI definition, as well as they did not provide a consistent 
picture on the associations between maternal pre-pregnancy BMI and motor functioning of the 
children. 
DISCUSSION  
Maternal obesity has been a huge public health burden over the last three decades and it continues 
to rise (15). However, its long-term effect on the physical and cognitive development of children 
has only relatively recently been investigated (26). Thus, this review aimed to summarize the role of 
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maternal pre-pregnancy BMI on the physical and cognitive development of children, up to the age 
of 12 years. From the available evidence it seems that women entering pregnancy with higher BMI, 
specifically pre-pregnancy obesity, are at higher risk of having children with impaired cognitive 
development (nine out of fourteen studies, see Table 2.1). This finding is largely from higher 
quality prospective cohort studies which adjusted for key confounders. In comparison, half (5 of 10, 
Table 2.2) of studies that assessed the physical development of children, particularly gross motor 
functions, found negative associations. Further, the available evidence suggested that the effect of 
maternal obesity on fine motor development in children is more subtle or there is no effect.  
The review found a mix of negative, mixed, null or positive associations between maternal obesity 
and childhood cognitive and physical development of children. The above inconsistent findings 
could be partially due to the variations in the power of the studies. Four of the studies (36, 38, 39, 
54) were insufficiently powered to detect differences in cognitive development of children by 
maternal pre-pregnancy BMI. In addition, two studies (32, 38) analysed both obese and overweight 
mothers together due to small numbers, and hence may have been precluded from detecting any 
detrimental impact of pre-pregnancy obesity compared to overweight. 
Variations in age at cognitive assessment and the different scales used by many of the studies, could 
have also partially accounted for the observed variations; for example between Huang et al (35) and 
Pugh et al (54). Moreover, variations in the classification of BMI (29, 32, 37, 53) and control 
groups (39, 53) may have also contributed to the inconsistencies observed.  
The main challenge in child developmental studies, such as between maternal obesity and children’s 
cognitive development, is the issue of multiple confounding effects ranging from genetically 
inherited factors to parental SES (59). Most studies included in this review adjusted for several 
confounders such as maternal age, education, lifestyle factors and child sex (Supplemental Table 
S2.3) in the association between maternal BMI and cognitive development of children. Both 
maternal GDM and hypertensive disorders in pregnancy are common complications of obesity and 
may elevate the negative association between maternal obesity and children’s cognitive 
development. However, none of these included studies reported the independent and combined 
effects of these pregnancy complications despite their rising prevalence and strong relationship with 
maternal obesity (60, 61). It is noteworthy however, that our searches were not designed to identify 
studies where maternal hypertension / GDM was the primary exposure of interest, but where 
maternal obesity was included as a covariate and its independent effect was reported.  
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Whether the observed negative association between maternal obesity and children’s cognitive 
development is causal or due to residual confounding effects is unclear. To this end, only a few 
observational epidemiological studies, such as Casas et al (36), provided maternal – paternal 
comparisons which may assist the determination of causality: if the association is causal the 
maternal effect would be stronger than the paternal. Casas et al found an inverse association 
between maternal pre-pregnancy obesity and infant cognitive development score, but not with 
paternal obesity, supporting the adverse effect of the sub-optimal intrauterine environment caused 
by maternal obesity. Four of the relatively large studies (31, 33-35) reviewed also found 
significantly impaired child cognitive development after extensive confounder adjustment, further 
supporting the causal relationship between maternal pre-pregnancy obesity and children’s cognitive 
development. Moreover, a large study by Huang et al (35), in siblings varied in their exposure to 
maternal obesity, also confirmed the adverse effect of maternal pre-pregnancy obesity on the 
children’s IQ score. However, Bliddal et al (33) evaluated the effect of both maternal and paternal 
BMI on children’s IQ at the age of 5 years and found that both maternal and paternal BMI were 
adversely associated with poorer children’s IQ scores. The similar maternal - paternal effect sizes 
found, led them to a different conclusion to that by Casas et al: that the association between 
maternal obesity and children’s IQ was not due to a specific intrauterine effect. However, it should 
be noted that, despite similar effect sizes, the association between paternal BMI and children’s IQ 
scores didn’t reach statistical significance. Brion et al (32) also supported the later hypothesis. 
However, overweight and obesity categories were collapsed, which may have obscured the negative 
association between maternal obesity and children’s IQ scores, as the two extreme spectrums of 
maternal pre-pregnancy BMI are more likely to be detrimental (34, 38). This highlights the need for 
more studies in the context of obesity which disentangle its direct effect from potential confounding 
effects.  
Maternal obesity is a complex metabolic disorder associated with increased level of inflammatory 
markers such as C - reactive protein, interleukin-6, interleukin-1β, tumour necrosis factor-α, and 
glucose (62). Recent evidence indicates that pro-inflammatory markers and an increased level of 
maternal nutrients such as glucose have deleterious effects on the growing fetal brain (41). Limited 
previous research in animal models also suggests that excessive nutrition in utero caused by high fat 
diets may lead to impairment in cognitive function in young offspring (63).  
If the association between maternal obesity and impaired cognitive ability in children is causal then 
its clinical implication would be substantial as maternal obesity is a serious public health burden in 
most developed nations (24). The higher prevalence of maternal obesity is also an incentive for 
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further research, given it was once considered methodologically problematic with small populations 
of obese and severely obese mothers. Maternal weight loss before conception may be advised for 
various reasons (19-21) but thus far, evidence about the association between maternal obesity and 
impaired children’s cognitive abilities and motor functions is evolving, inconsistent and 
observational.  
Though maternal BMI is a widely used indicator of body size, it may not directly show the level of 
adiposity (64). On top of that, in most included studies maternal pre-pregnancy BMI was 
determined from self-reported maternal pre-gestational weight, mainly collected during pregnancy 
or postnatally. This might introduce misclassification bias - obese mothers may tend to report lower 
pre-pregnancy weight and hence lower the prevalence of obesity (65) - or recall bias (66). The 
following are also limitations of this review; it was limited to studies published in the English 
language, and meta-analysis was not performed because of diverse outcomes and varied definitions 
of maternal pre-pregnancy BMI. In addition, the search strategy may have missed relevant studies 
where the association of interest between maternal obesity and children's cognition was reported, 
but where maternal obesity was not the primary exposure.  
In conclusion, we found that most recently emerging evidence supports the negative associations 
between maternal obesity and children’s cognitive development. However, evidence is more scarce 
and conflicting in the association between maternal pre-pregnancy obesity and physical 
development of children. More research work is required to delineate the intrauterine effect of 
maternal obesity from residual confounding effects of other factors such as SES, home 
environment, breast feeding duration, maternal IQ, and pregnancy complications as well as child 
birthweight and gestational age. Future research could use siblings who vary in their exposure to 
maternal obesity or use more recent approaches such Mendelian randomization that has a potential 
in controlling known and unknown familial confounders. As the causes of obesity varies, its effect 
on the children’s physical and cognitive development may vary and hence we recommend more 
context-based research using contemporary birth cohorts and incorporating potential SES, genetic 
and pre- and postnatal factors. 
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SUPPLEMENTAL MATERIALS  
 Supplemental Table S2.1. Full list of databases searched and searching terms used 
Database  Searching term  Result  limit last Date  
PUBMED  Search ((((((((((child*) OR "Child"[Mesh]) OR 
offspring) OR son) OR sons) OR daughter) OR 
daughters)) AND (((((((((((((((((((((Cognit*) OR 
"Cognition"[Mesh]) OR "Executive Function"[Mesh]) 
OR IQ) OR Intelligen*) OR "Intelligence"[Mesh]) OR 
"Intelligence Tests"[Mesh]) OR neurodevelopment) OR 
"mental development") OR Neuropsych*) OR 
"Neuropsychological Tests"[Mesh]) OR "school 
performance") OR "academic achievement") OR 
"educational outcomes") OR “child development”) OR 
"Human Development"[Mesh]) OR communication) 
OR “language development") OR "fine motor") OR 
"gross motor") OR "psychomotor development"))) 
AND ((((((((pregnan*) OR woman) OR women) OR 
mother) OR mothers) OR "Parents"[Mesh])) AND 
(((((((BMI) OR "body mass index") OR "Body 
Weight"[Mesh]) OR underweight) OR overweight) OR 
obese) OR obesity)) Sort by: Relevance Filters:English 
2832 English  30/10/15 
EMBASE  #38 #23 AND #37 AND [english]/lim AND 
[humans]/lim 
#37 #29 AND #36 
#36 #30 OR #31 OR #32 OR #33 OR #34 OR #35 
#35 'overweight'/exp OR 'overweight' 
#34 'underweight'/exp OR 'underweight' 
#33 'obese' 
#32 'obesity'/exp OR 'obesity' 
#31 'body mass'/exp OR 'body mass' 
#30 'bmi' 
#29 #24 OR #25 OR #26 OR #27 OR #28 
#28 pregnan* 
#27 'mothers'/exp OR 'mothers' 
#26 'mother'/exp OR 'mother' 
#25 'women'/exp OR 'women' 
#24 'woman'/exp OR 'woman' 
#23 #3 AND #22 
#22 #4 OR #5 OR #6 OR #7 OR #8 OR #9 OR #10 OR 
#11 OR #12 OR #13 OR #14 OR #15 OR #16 OR #17 
OR #18 OR #19 OR #20 OR #21 
#21 'language development'/exp OR 'language 
development' 
#20 'child development'/exp OR 'child development' 
#19 'human development'/exp OR 'human development' 
#18 'psychomotor development'/exp OR 'psychomotor 
development' 
#17 'motor function test'/exp OR 'motor function test' 
#16 'gross motor' 
#15 'fine motor' 
#14 'academic achievement'/exp OR 'academic 
achievement' 
#13 'school performance'/exp OR 'school performance' 
#12 'neurodevelopment'/exp OR 'neurodevelopment' 
#11 'mental development'/exp OR 'mental development' 
#10 'neuropsychological test'/exp 
OR 'neuropsychological test' 
#9 neuropsych* 
4811 
(EMBASE 
and 
MEDLINE, n 
= 
2652, 
EMBASE, n 
= 1297 and 
MEDLINE, 
n= 862 
Human 
and 
English  
30/10/15 
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#8 'intellect'/exp OR 'intellect' 
#7 intelligen* 
#6 'iq'/exp OR iq 
#5 'executive function'/exp OR 'executive function' 
#4 cognit* 
#3 #1 OR #2 
#2 'offspring'/exp OR 'offspring' 
#1 child* 
PYSCHINFO ((Any Field:(BMI) OR Any Field:("body weight") OR 
Any Field:("body mass index") OR Any 
Field:(underweight) OR Any Field:(overweight) OR 
Any Field:(obese) OR Any Field:(obesity)) AND (Any 
Field:(mother) OR Any Field:(mothers) OR Any 
Field:(woman) OR Any Field:(women) OR Any 
Field:(pregnan*))) AND ((Any Field:(cognit*) OR 
(Index Terms:("Executive Function")) OR Any 
Field:(IQ) OR Any Field:(intelligen*) OR Any 
Field:(neurodevelopment) OR Any Field:("mental 
development") OR Any Field:(neuropsych*) OR Any 
Field:( "school performance") OR Any 
Field:("academic achievement") OR Any 
Field:("educational outcomes") OR Any Field:("child 
development") OR Any Field:("language 
development") OR Any Field:("fine motor") OR Any 
Field:("gross motor") OR Any Field:("psychomotor 
development") OR Any Field:("physical 
development")) AND (Any Field:(child*) OR Any 
Field:(offspring) OR Any Field:(son) OR Any 
Field:(sons) OR Any Field:(daughter) OR Any 
Field:(daughters))) 
639 Default 
English  
30/10/15 
SCOPUS  History Search Terms( ( ( TITLE-ABS-KEY ( child* ) 
OR TITLE-ABS-KEY ( offspring ) ) ) AND ( ( TITLE-
ABS-KEY ( cognit* ) OR TITLE-ABS-
KEY ( "executive function" ) OR TITLE-ABS-
KEY ( iq ) OR TITLE-ABS-KEY ( intelligen* ) 
OR TITLE-ABS-KEY ( neurodevelopment ) OR 
TITLE-ABS-KEY ( "mental development" ) OR 
TITLE-ABS-KEY ( neuropsych* ) OR TITLE-ABS-
KEY ( "school performance" ) OR TITLE-ABS-
KEY ( "academic achievement" ) OR TITLE-ABS-
KEY ( "educational outcomes" ) OR TITLE-ABS-
KEY ( "child development" ) OR TITLE-ABS-
KEY ( "language development" ) OR TITLE-ABS-
KEY ( "fine motor" ) OR TITLE-ABS-KEY ( "gross 
motor" ) OR TITLE-ABS-KEY ( "psychomotor 
development" ) OR TITLE-ABS-KEY ( "physical 
development" ) ) ) ) AND ( ( ( TITLE-ABS-
KEY ( mother ) OR TITLE-ABS-KEY ( mothers ) OR 
TITLE-ABS-KEY ( woman ) OR TITLE-ABS-
KEY ( women ) OR TITLE-ABS-KEY ( pregnan* ) ) ) 
AND ( ( TITLE-ABS-KEY ( bmi ) OR TITLE-ABS-
KEY ( "body weight" ) OR TITLE-ABS-KEY ( "body 
mass index" ) OR TITLE-ABS-KEY ( overweight ) OR 
TITLE-ABS-KEY ( underweight ) OR TITLE-ABS-
KEY ( obese ) OR TITLE-ABS-KEY ( obesity ) ) ) ) 
AND ( LIMIT-TO ( LANGUAGE , "English" ) )  
2561 English  30/10/2015 
CINAHL  S10, S5 AND S8 
S9, S5 AND S8 
S8, S6 AND S7 
266 
 
English  31/10/2015 
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S7, BMI OR "body weight" OR "body mass index" OR 
underweight OR overweight OR obese OR obesity 
S6, wom?n OR mother* OR pregnan* 
S5, S1 AND S4 
S4, S2 OR S3 
S3, "fine motor" OR "gross motor" OR "psychomotor 
development" OR "physical development" 
S2, cognit* OR "executive function" OR intelligen* OR 
IQ OR neurodevelopment OR neuropsych* OR "mental 
development" OR "school performance" OR "academic 
achievement" OR "educational outcomes" OR "child 
development" OR "language development"  
S1, child* OR offspring  
Total  11, 109   
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Supplemental Table S2.2. Quality assessment of studies included in the maternal obesity and offspring physical and cognitive development systematic 
review  
 Selection  Comparability  Outcome  
 
 Study first author /years 
Representat-
iveness of 
exposed 
cohort  
Selection 
of non-
exposed 
cohort  
Ascertainment 
of maternal 
obesity  
Outcome 
not present 
at start of 
study  
 Comparability of 
cohorts on bases 
of design or 
analysis  
 Assessment 
of physical 
and cognitive 
development  
Follow-up 
long enough 
for outcomes 
to occur 
Adequacy of 
follow-up of 
cohorts  
Total 
score  
Basatemur et al 2013 A* A* C  A*  A*B*  D A* C 6 
Bliddal et al 2014 B* A*  C A*  B*  D A* C 5 
Brion et al 2011 B* A* C A*  B*  C A* C  5 
Casas et al 2013 B* A* C A*  B*  D B B* 5 
Heikura et al 2008 B* A* C A*  B*  B* A* D  6 
Hinkle et al 2012 A* A* C A*  B*  D A* C 5 
Hinkle et al 2013 A* A* C A*  B*  D A* C 5 
Huang et al 2014 B* A* C A*  B*  D A* C 5 
Islam 2000 C A* C A*  B*  A* A* C 5 
Neggers et al 2003 C A* C A*  B*  D A* C 4 
Polańska et al 2015 B* A* C  A*  B*  D A* C 5 
Pugh et al 2015 C A* C A*  B*  A* A* B* 6 
Reynolds et al 2014  C A* A* A*  B*  D A* D 5 
Torres-Espinola et al 2015 C  A* B* A*  B*  D B C 4 
Tanda 2012 A* A* C A*  B*  D A* C  5 
Van Der Burg-2015 B* A* C A*  B*   A* A* D 6 
Wylie et al-2015 B* A* C A*  B*   C A* B* 6 
Remarks: in most studies (awarded D), outcome assessment was completed using standard scales by trained professionals, but blinding was not mentioned.  
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Abbreviations; BW: birthweight, DM: diabetes mellitus, GA: gestational age, HDP: hypertensive disorder of pregnancy, SES: socioeconomic status, IQ: intelligence quotient 
Supplemental Table S2.3. Potential confounders/covariates adjusted/matched in analysis between maternal obesity and offspring’s cognitive and 
physical development 
 Maternal potential confounders/covariates  Offspring potential confounders/covariates 
Study Age  SES Education  Ethnicity  IQ Home 
environment  
DM HDP Depression Lifestyle 
behaviours 
Parity   GA BW  Age Sex Breastfeeding 
duration 
Basatemur et al 
2013 
√ √ √ √   √   √    √  √  
Bliddal et al 
2014 
√  √  √     √ √  √ √ √ √ √ 
Brion et al 
2011 
 √ √       √        
Casas et al 
2013 
√  √       √ √    √  √ 
Heikura et al 
2008 
√ √         √       
Hinkle et al 
2012 
√  √ √      √ √     √  
Hinkle et al 
2013 
√  √ √  √    √ √    √ √  
Huang et al 
2014 
√ √ √ √      √ √       
Islam 2000         √         
Neggers et al 
2003 
√     √    √    √    
Polańska et al 
2015 
√  √             √  
Pugh et al 2015    √ √ √   √ √ √     √  
Reynolds et al 
2014  
 √           √     
Tanda 2012 √  √   √    √   √ √ √ √ √ 
Torres-
Espinola et al 
2015 
√  √               
Van Der Burg 
et al 2015 
√  √ √        √  √ √    
Wylie et al 
2015 
√  √ √      √   √ √  √  
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LITERATURE REVIEW UPDATE AFTER PUBLICATION OF PAPER 1 
To provide the most up-to-date evidence on the association between maternal pre-pregnancy obesity 
and childhood physical and cognitive development, a literature search using the same key words 
(described earlier in this section) has been performed in PUBMED from November 2015 to mid-
March 2018. A total of 1213 records were identified, of them four studies (67-70) were found to be 
eligible for the update. 
All but one of the studies (67) were conducted in the USA. Maternal pre-pregnancy BMI was based 
on self-reported height and weight measures, with the exception of one study (70) that extracted 
pre-pregnancy BMI from electronic birth certificates. A range of child development outcomes were 
evaluated between the ages of 4 months and 14 years and the sample sizes ranged from 535 to 
4,821. 
All of the studies evaluated cognitive and language development outcomes and three of them found 
significant associations with maternal pre-pregnancy BMI. Daraki et al (67) assessed child 
cognitive development using the McCarthy Scales of Children’s Abilities, which includes verbal 
ability, perceptual-performance, quantitative ability and sort term memory as well as general 
cognitive score (calculated by combining the verbal, perceptual performance and quantitative 
scores). The results indicated that children (at the age of 4 years) born to women who were obese 
pre-pregnancy had significantly lower scores for general cognitive ability, perceptual performance, 
quantitative ability, and executive function, after adjustment for several factors including paternal 
BMI. Pre-pregnancy overweight was only associated with the perceptual performance scale. 
Another longitudinal study by Pugh et al (69) assessed children’s academic achievement (math, 
reading and spelling skills) measured by the Wide Range Achievement Test at 6 and 10 years, and 
the Wechsler Individual Achievement Test (WIAT) at age 14 years. In a fully adjusted model for 
maternal age, race, parity, employment, family income, intelligence, home environment, prenatal 
depression and prenatal substance use (marijuana, alcohol, cigarette and illicit drugs), children of 
mothers who were obese pre-pregnancy scored significantly lower reading and spelling scores 
across the ages of 6, 10 and 14 years, compared to children of normal weight mothers. Recently, 
Jensen et al (68) in a sample of 535 extremely preterm (gestational age < 28 weeks) children, found 
children of mothers with pre-pregnancy obesity were at increased odds of low scores on the 
Differential Ability Scale (DAS-II) verbal IQ, the NEPSY-II (Developmental Neuropsychological 
Assessment-II) inhibition naming and visuomotor precision assessments, and the spelling 
component of the WIAT at 10 years of age. Children born to mothers with an underweight or 
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overweight pre-pregnancy BMI were also at increased odds of low scores on the WIAT spelling 
assessment. The association was independent of maternal IQ and other key confounders. 
On the other hand, the largest study by Yeung et al (70) (n = 4,821; 3,759 singletons and 1,062 
twins), found no significant association between maternal pre-pregnancy BMI and most domains of 
the Ages and Stages Questionnaires (ASQ). The only significant association found was between 
maternal pre-pregnancy obesity and the fine motor aspect of the ASQ; the odds of failing the fine 
motor domain for children of obese mothers was 1.67 (95% CI: 1.11, 2.52) compared to children of 
normal weight mothers. However, Daraki et al (67) who has evaluated the gross and fine motor 
skills, in addition to the cognitive and language outcomes mentioned above, did not find any 
significant association between maternal pre-pregnancy BMI and childhood motor development in 
offspring. 
In conclusion, the findings from these additional studies are in line with those included in the 
systematic review and further confirm our previous conclusion that children born to women with 
pre-pregnancy obesity are at increased risk of childhood cognitive development delay. However, 
uncertainty still remains for the association between maternal pre-pregnancy obesity and offspring 
childhood physical development. 
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2.3. Diabetes in pregnancy and offspring childhood cognitive development: a 
systematic review (Paper 2) 
CONTEXT AND OBJECTIVES  
The incidence and prevalence of both pre-gestational diabetes mellitus, particularly type 2 diabetes 
and GDM are increasing significantly due to the rising rate of obesity and advanced maternal age. 
This increased prevalence of diabetes in pregnancy (includes pre-existing and gestational diabetes) 
is worrisome because of a number of short and long-term adverse effects to the mother and the 
child. However, as outlined in the general introduction (Chapter 1), the effect of diabetes in 
pregnancy on the cognitive development of offspring is unclear because of inconsistent findings 
from limited studies. A systematic review was therefore conducted to address the following 
objectives: 
- to identify and summarise findings from observational studies reporting on associations of 
maternal diabetes in pregnancy and the cognitive development of offspring (≤12 years) 
- to describe limitations of the available evidence and identify gaps for further research 
This section includes a paper published in Pediatrics:  
Adane AA, Mishra GD, Tooth LR. Diabetes in Pregnancy and Childhood Cognitive 
Development: A Systematic Review. Pediatrics. 2016;137(5): e20154234. 
 
 
The formatting of the original version of the paper has been slightly modified to adapt to the format 
of this thesis, but the text content has not been modified. 
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ABSTRACT  
Background and aims: The effect of diabetes during pregnancy on the cognitive development of 
offspring is unclear because of inconsistent findings from limited studies. This systematic review 
aims to provide the best available scientific evidence on the associations between maternal 
pregnancy diabetes and the cognitive development of offspring.  
Methods: A search was conducted in the EMBASE, CINAHL, PUBMED, PSYCINFO and 
SCOPUS databases. Studies addressing offspring’s (≤ 12 years) cognitive development as outcome 
and any diabetes in pregnancy as an exposure were included. Data were extracted and evaluated for 
quality by two independent reviewers. 
Results: Fourteen articles were eligible for the review. Ten studies investigated the associations 
between maternal pre-gestational diabetes mellitus (PDM) or both PDM and gestational diabetes 
mellitus (GDM) and offspring’s cognitive development; six found at least one negative association. 
Four studies exclusively examined the relationships between GDM and offspring’s cognitive 
development; two of them found negative, one positive and one null associations. The use of 
diverse cognitive and diabetes assessment tools/criteria, and statistical power contributed to the 
inconsistent findings. The English language restriction and publication bias in the included studies 
are potential limitations.  
Conclusions: Although there are a scarcity of data available on the associations between maternal 
diabetes in pregnancy and offspring’s cognitive development, this review has found that maternal 
diabetes during pregnancy appears to be negatively associated with offspring’s cognitive 
development. Large prospective studies which address potential confounders are needed to confirm 
the independent effect of maternal diabetes during pregnancy. 
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INTRODUCTION 
Globally, the prevalence of both pre-gestational diabetes mellitus (PDM) and gestational diabetes 
mellitus (GDM) are increasing significantly due to the rising rate of obesity, aging and population 
growth (71-74). In women, global age adjusted diabetes prevalence increased from 7.5% in 1980 to 
9.2% in 2008 (74) . An increasing future trend in the prevalence of diabetes is also projected across 
all countries of the world. For instance, in 2011 there were 366 million people with diabetes, and 
over the next 19 years this is expected to rise to 552 million. Substantial increase is expected in 
developing countries related to lifestyle changes following rapid urbanizations, globalization and 
aging (75). 
Any type of diabetes during pregnancy is associated with poor maternal and perinatal outcomes. For 
instance, congenital malformation (76) , preterm birth (77, 78), large for gestational age at birth 
/macrosomia (77, 79-81) and stillbirth (76, 80, 81) are significantly more common in offspring of 
diabetic mothers than non-diabetic mothers. Even offspring of mothers with borderline GDM have 
been found to be born too soon and to be macrosomic (82) .    
Due to advances in medical care, offspring of mothers with diabetes are increasingly surviving the 
perinatal period. Consequently, the long-term effects of diabetes during pregnancy on later 
childhood health such as obesity/adiposity, mainly via large for gestational age at birth, has been 
clearly established (83-85). In contrast, data on the long-term effects of maternal diabetes during 
pregnancy on the offspring’s cognitive development are relatively limited and, when data are 
available, the findings are inconclusive (43, 86-92).  
Mechanisms by which maternal diabetes during pregnancy are associated with the offspring’s 
cognitive development are not clear. Excess glucose in diabetic patients, known as hyperglycaemia, 
is hypothesised to cause cognitive impairment (93). Animal models have shown that maternal 
diabetes during pregnancy is usually associated with hyperglycaemia and that more glucose will 
pass to the fetus, and this may hinder the cognitive development of the offspring (94). Though it is 
not always found (95), metabolic complications related to diabetes during pregnancy such as 
acetonuria (96, 97), ketoacidosis (89) and glycosuria (86) are also associated with offspring 
cognitive impairment. It has been suggested by some authors that offspring born to either mothers 
with PDM or GDM are more likely to have poorer cognitive and language development than those 
born to non-diabetic mothers (97-102). However, others have either found no such associations (43, 
87, 89, 91) or contradictory findings (92).  
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To the best of our knowledge, systematically synthesized information on the associations between 
maternal diabetes during pregnancy and offspring’s cognitive development, particularly in 
childhood, is lacking. The implications of such information are twofold; it would provide decision 
makers/clinicians with comprehensive information to deliver preconception counselling, and to 
identify early infants at future risk of cognitive development. It would also avail information for 
researchers to identify research gaps and guide future research development. Thus, this systematic 
review aimed to provide the best available scientific evidence on the possible associations between 
maternal diabetes in pregnancy and the cognitive development of offspring. 
METHODS 
Data sources and search strategies  
The PUBMED database was searched using combinations of key words; (((((offspring) OR child*)) 
AND ((((((((((((("cognitive development") OR "cognitive functions") OR "school performance") 
OR "educational outcomes") OR "language development") OR "neuropsychological tests") OR 
"mental development") OR neurodevelopment) OR "child development") OR cognition) OR 
intelligence) OR " intelligence quotient") OR "intelligence tests")) AND (((mother*) OR pregnan*) 
OR women)) AND (((((("type I diabetes") OR "type Il diabetes") OR "gestational diabetes") OR 
"diabetes insipidus") OR "diabetes mellitus") OR diabetes). Similarly, systematic searches were 
carried out in the EMBASE, CINHAL, PSYCINFO and SCOPUS databases using the same key 
word combinations tailored to each database until June 2015. These searches were limited to studies 
on humans with English language. Moreover, the reference list of all identified relevant records 
were searched for additional studies. The authors were not contacted for additional studies or data.  
Study selection  
Studies addressing offspring’s (≤ 12 years) cognitive and /or language development as outcome and 
either PDM or GDM or both as a main exposure or confounder were included in this systematic 
review. Reviews, commentaries, and case or descriptive studies lacking relevant control groups 
were excluded.  
Records deemed relevant from the title screening were further evaluated using the information 
available in the abstract by two independent reviewers (A.A.A and L.R.T) using the eligibility 
criterion. The same authors further evaluated the full records of those eligible articles from the 
abstract review. Disagreements were resolved by face to face discussions and through reviewing 
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records together. G.D.M helped resolve any disagreement between the first two reviewers (Figure 
2.2). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.2. Flow diagram of studies included in the systematic review of maternal diabetes during 
pregnancy and childhood cognitive development 
Data extraction  
Data on the first author, publication year, country, study design, sample size, offspring’s age at 
follow up, diabetes type and assessment, cognitive type and measurement, confounders 
accounted/adjusted for and main findings between maternal pregnancy diabetes and offspring’s 
cognitive development were extracted by the above reviewers using a standardized data extraction 
format (Table 2.4). 
 
Records identified through database 
searching (total n =1295) 
CINAHL (n = 26) 
EMBASE (n = 458) 
PSYCINFO (n = 64) 
PUBMED (n = 292) 
SCOPUS (n= 455) 
 
 
 
Records screened by 
title reading (n = 847)  
 Abstracts 
screened (n = 168) 
11 Articles from 
other sources  
Records screened by 
full article (n = 68) 
Duplicates removed (n = 448) 
 
 
 
 
 
 
Records removed (n = 679) 
- Not relevant 
- Further duplications 
Records removed (n = 111) 
- Physical development (fine & gross 
motor, growth, BMI)  
- Emotional/behavioural development  
- Reviews  
Studies included in the systematic review (n = 14) 
Total excluded (n = 54) because of; 
- No relevant outcome or exposure, n = 27 
- Included adult or late adolescent, n = 8  
- Review, n = 4 
- Descriptive, n = 5 
- Abstract only, n = 3 
- No clear control group, n = 2 
- Same population with other included 
articles= 5 
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Table 2.4. Characteristics of studies reporting the association between maternal diabetes during pregnancy and cognitive development of offspring 
First 
author/year 
Country Study design Sample size Age at 
follow 
up  
Diabetes 
type  
Diabetes 
diagnosis  
Cognitive assessment  Cognitive 
outcome  
Main findings on maternal 
pregnancy diabetes & 
offspring’s cognitive 
development  
Effect size; 
Cohen’s d (95% 
CI) 
Bonilla et al 
2012(98) 
UK Cohort study  6272 
mother-
child pairs 
8y PDM+GD
M  
Record based WISC-III IQ DM associated with lower IQ 
(MD), -3.5 (−5.6, -1.5; P = 
0.001) 
No sufficient 
data  
Churchill et 
al 1969(97) 
USA Retrospective 
cohort study 
237 ODM 
& controls  
8m & 
4y  
PDM+GD
M  
Somongyi 
Nelson 
Glucose 
Tolerance 
curves 
BSID at 8m &  
SBIS at 4y 
 
IQ (n=121) & 
MDI (n=231)  
DM associated with lower IQ 
(96 vs 103, P=0.001) & MDI 
(78 vs 81, P =0.001) 
DM without acetone has no 
association with MDI (81.0 vs 
81.0), PDI (33.4 vs 34.2) & 
IQ (101.3 vs 100.8), in all P > 
0.05 
No sufficient 
data  
Dionne et al 
2008(99) 
Canada  Retrospective 
cohort study 
221 OGDM 
& 2612 
controls  
QNTS (n 
ranges from 
721 to 861) 
and QLSCD 
(n varies 
from 955 to 
1728) 
1.5 -
7y 
GDM OGTT MCDI at 18 & 30, 
PPVT at 48 & 
Expressive & 
Receptive Vocabulary 
at 60 & EDI teacher-
assessed 
communication at 72 
& 84m 
Language, 
NVIQ & RM  
QNTS 
GDM associated with lower 
(mean); 
Expressive vocabulary at 18m 
(-0.25 ± 0.96 vs 0.02 ± 0.99) 
& at 30m (-0.33 ± 1.22 vs 
0.04 ± 0.96), Expressive 
grammar at 30 m (-0.28 ± 
1.18 vs 0.04 ± 0.96) & Oral 
communication at 72/84m (-
0.30 ± 1.21 vs 0.05 ± 0.96), in 
all P<0.05 
No association with (mean); 
Receptive vocabulary (-0.06 ± 
1.00 vs 0.00 ± 0.99) & 
Receptive grammar (-0.10 ± 
1.16 vs 0.02 ± 0.98) at 18m, 
Receptive grammar at 30m 
(0.04 ± 0.97 vs 0.01 ± 1.01), 
Expressive vocabulary (-0.12 
± 0.90 vs 0.04 ± 0.99) & 
Receptive vocabulary at 60m 
(-0.09 ± 0.86 vs 0.01 ± 1.01), 
Math (-0.10 ± 1.02 vs 0.05 ± 
0.93) & reading (-0.04 ± 0.96 
Expressive 
vocabulary 
Effect size 
varies from 0.27 
to 0.41 
Expressive 
grammar 
Effect size 
varies from -
0.37 to -0.30 
Expressive 
vocabulary  
Effect size 
varies from -
0.34 to -0.17 
Receptive 
vocabulary  
Effect size 
varies from -
0.18 to -0.06 
Receptive 
grammar 
Effect size 
varies from -
0.11 to 0.03 
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vs 0.03 ± 0.99) scores at 
72/84m, in all P > 0.05 
QLSCD  
GDM associated with lower 
(mean); 
Expressive vocabulary (-0.28 
± 1.09 vs 0.02 ± 0.99) & 
grammar at 30m (-0.38 ± 1.21 
vs 0.03 ± 0.97) but not with 
Receptive vocabulary at 30 m 
(-0.18 ± 1.10 vs 0.01±0.98) 
and at 42 m (-0.16 ± 0.81 vs 
0.02 ± 1.00) 
GDM associated with 
language impairment (OR), 
2.2 (1.4-3.5), RM (F =5.31, 
P=0.02) & NVIQ (F= 3.73, 
P= 0.05) but not with Short-
term memory (F= 2.86, P = 
0.09) 
Oral 
communication  
Effect size (d) = 
-0.32 
Math  
Effect size (d) = 
-0.15 
Reading 
Effect size (d) = 
-0.07 
For the others 
no sufficient 
data  
 
Fraser et al 
2012(86) 
UK Cohort study SEA 
24 OGDM, 
21 OPDM 
& 5804 
controls  
 IQ 
23 OGDM, 
20OPDM & 
5079 
controls  
4 & 
8y 
PDM+GD
M 
Record based  SEA at 4y & WISC-
III at 8y 
 
Educational 
attainment & 
IQ  
PDM has no association with 
(MD) SEA, 0.04 ( −1.68, 
1.75), FIQ, −0.54 (−9.61, 
8.52), VIQ, 1.5 ( −7.63, 
10.74) & PIQ, −4.01 (−13.80, 
5.78) 
GDM associated with (MD) 
lower VIQ, −9.92 (−18.34, 
−1.50) but not with FIQ, 
−5.93 (−14.24, 2.38), PIQ, 
−0.19 ( −9.17, 8.78) & SEA, 
0.30 ( −1.12, 1.72) 
PDM 
SEA, -0.13 (-
0.51, 0.26) 
FIQ, -0.13 (-
0.51, 0.26) 
VIQ, -0.01 (-
0.40, 0.37) 
PIQ, -0.27 (-
0.66, 0.11) 
GDM  
SEA, -0.03 (-
0.37, 0.31) 
FIQ, -0.40 (-
0.75, -0.06) 
VIQ, -0.43 (-
0.78, -0.09) 
PIQ’ -0.19 (-
0.53, 0.15) 
Hod et al 
1999(100) 
Israel Cohort study 31 OPDM 
& 41 
controls  
1y  PDM OGTT BSID- II MDI PDM associated with lower 
MDI (91 ± 9.0 vs 98 ± 12.1, P 
< 0.05) 
MDI, -0.64(-
1.12, -0.17) 
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Nelson et al 
2003(101) 
USA Cohort study  52 ODM & 
75 controls  
1y PDM+GD
M 
OGTT BSID-II MDI DM associated with lower 
MDI (100 ± 9 vs 104 ± 8, P < 
0.03) 
MDI, -0.49 (-
0.94, -0.03) 
Nomura et 
al 2012(43) 
USA Cohort study  21 OGDM 
& 191 
controls  
3-4y GDM Self-reported  WPPSI-III, 
Developmental 
Neuropsychological 
Assessment (NEPSY) 
IQ, language  GDM associated with lower 
FIQ (109.2 ± 1.4 vs 113.6 ± 
3.5), VIQ (110.5 ± 1.5 vs 
113.6 ± 4.2), Language (108.8 
± 1.4 vs 112.9 ± 3.9) & 
Memory (96.6 ± 1.4 vs 101.1 
± 3.8), in all P < 0.05 but not 
with PIQ (109.8 ± 1.5 vs 
111.9 ± 3.8), P = 0.14 
FIQ, -1.30 (-
2.01, -0.60) 
VIQ, -0.76 (-
1.46, -0.07)  
Language, -1.09 
(-1.79, -0.39) 
Memory, -1.23 
(-1.93, -0.52) 
 PIQ, -0.57 ( -
1.26, 0.12) 
Ornoy et al 
1999(88) 
Israel Retrospective 
cohort study  
32 OGDM 
& 57 
controls  
5-12y GDM Blood Glucose 
concentration 
test  
WISC-R IQ Young age (5-8y) 
GDM associated with lower 
FIQ (111 ± 14 vs 121 ± 8) & 
VIQ (107 ± 11 vs 115 ± 11), 
in both P < 0.05 but not with 
PIQ (114 ± 17 vs 123 ± 11), P 
> 0.05 
Older age (9-12y) 
No association with FIQ (115 
± 13 vs 116 ± 12), VIQ (109 ± 
12 vs 113 ± 13) & PIQ (119 ± 
15 vs 117 ± 12), in all P > 
0.05 
Young group 
IQ, -0.95 (-1.40, 
-0.49) 
VIQ, -0.73 (-
1.17, -0.28) 
PIQ, -0.67(-
1.11, -0.23)  
Older group  
FIQ, -0.08 (-
0.51, 0.35) 
VIQ, -0.32 (-
0.75, 0.11) 
PIQ, 0.15 (-
0.28, 0.58) 
Ornoy et al 
2001(87) 
Israel Retrospective 
cohort study  
57 OPDM, 
32 OGDM 
& 57 
controls  
5-12y PDM+GD
M 
Blood Glucose 
concentration 
test 
WISC-R IQ PDM has no association with 
FIQ (117.7 ± 12 vs 118.5 ± 
11), VIQ (112.4 ± 12 vs 114.4 
± 12) & PIQ (120.4 ± 19 vs 
119.7 ± 11.5) 
GDM has no association with 
FIQ (113.5 ± 14.3 vs 118.5 ± 
11), VIQ (108.0 ± 11.5 vs 
114.4 ± 12) & PIQ (116.0 ± 
16.0 vs 119.7 ± 11.5), in all P 
> 0.05 
PDM 
IQ, -0.08 (-0.44, 
0.30) 
VIQ, -0.17 ( -
0.53, 0.20) 
PIQ, 0.05 (-
0.32, 0.41) 
GDM 
IQ, -0.41 ( -
0.84, 0.03) 
VIQ, -0.54 (-
0.98, -0.10) 
PIQ, -0.28 (-
0.71, 0.16) 
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Rizzo et al 
1991(89) 
USA Cohort study 80 OPDM, 
82 OGDM 
& 29 
controls  
2-5y PDM+GD
M 
OGTT-
O’Sullivan & 
Mahan criteria  
BSID at 2y 
SBIS at 3 – 5y 
MDI, IQ PDM has no association with 
MDI (89 ± 18 vs 89± 13) & 
IQ (89 ± 14 vs 92 ± 10) 
GDM has no association with 
MDI (90 ± 14 vs 89 ± 13) & 
IQ (93 ± 13 vs 92 ± 10) 
PDM 
MDI, 0 (-0.43, 
0.43) 
IQ, -0.23 (-0.67, 
0.20) 
GDM 
MDI, 0.07 (-
0.35, 0.50) 
IQ, 0.08(-0.36, 
0.52) 
Sells et al 
1994(90) 
USA Cohort study 109 OPDM 
(70 early 
entry& 39 
late entry) 
& 90 
controls  
6, 12, 
24 & 
36m 
PDM  Not stated  BSID at 6, 12, & 
24m,  
SBIS, spontaneous 
language sample & 
PPVT at 36m. 
revised Vinel & 
Adaptive 
Behaviour Scales at 
12, 24 & 36m  
MDI, IQ & 
language  
PDM associated with lower 
PPVT scores (114 ± 11.0 vs 
111 ± 10.1 vs 105 ± 11.4) & 
Vineland Communication 
subscale (111 ± 10.2 vs 110 ± 
9.2 vs 103 ± 11.5) 
PDM has no association with 
mean length of Utterance (4.1 
± 1.0 vs 4.0 ± 0.86 vs 3.7 ± 
0.91) 
MDI at 6m (107 ± 12.1 vs 104 
± 14.4 vs 106 ± 13.7), at 12 m 
(117 ± 12.5 vs 113 ± 15.3 vs 
112 ± 3.5) & at 24 m (118 ± 
18.4 vs 118 ± 19.4 vs 112 ± 
16.8) 
SBIS 
Verbal reasoning (114 ± 12.4 
vs 110 ± 10.2 vs 105 ± 14.2), 
Abstract reasoning (104 ± 
11.8 vs 104 ± 8.7 vs 103 ± 
9.7), Quantitative reasoning 
(105 ± 9.5 vs 104 ± 9.1 vs 
96.5 ± 8.7), Short term 
memory (110 ± 12.1 vs 110 ± 
10.5 vs 108 ± 9.6) & 
Composite score (110 ± 9.6 vs 
109 ± 7.9 vs 103 ± 11.0). All 
comparisons are (control vs 
early entry vs late entry)  
PPVT 
Early entry, -
0.28 (-0.65, 
0.09) 
Later entry, -
0.81 (-1.30, -
0.32) 
Communication 
Early entry, -
0.10 (-0.48, 
0.27) 
Later entry, -
0.76 (-1.25, -
0.27) 
Length of 
Utterance 
Early entry, -
0.11 (-0.48, 
0.27) 
Later entry, -
0.41 (-0.89, 
0.07) 
MDI  
Early entry 
ranges -0.29 to 0 
Later entry 
ranges -0.33 to -
0.08 
SBIS 
Early entry 
ranges -0.35 to 0 
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Abbreviations; BSID: Bayley Scales of Infant Development, DM: diabetes mellitus, EDI: Early Development Instrument, FIQ: Full IQ, GDM: gestational diabetes mellitus, IQ: intelligence quotient, KABC: Kaufman 
Assessment Battery for Children, QLSCD: Longitudinal Study of Child Development in Quebec, MCDI: McArthur Communicative Development Inventory, MD: mean difference, MDI: Mental Development Index, m: months, 
NVIQ: nonverbal IQ, QNTS: Quebec Newborn Twin Study, OR: odds ratio, ODM: offspring of mothers with diabetes (i.e. unclassified), OGDM: offspring of mothers with GDM, OGTT: oral glucose tolerance test, OPDM: 
offspring of PDM mothers, PPVT: Peabody Picture Vocabulary Test, PIQ: Performance IQ, PDM: pre-gestational diabetes mellitus, RM: recognition memory, R: Revised, SBIS: Stanford- Benet Intelligence Scale, SEA: school 
entry assessment, SES: socioeconomic status, v: variance, VIQ: Verbal IQ, WISC: Wechsler Intelligence Scale for Children, WPPSI-III: Wechsler Preschool and Primary Scale for Intelligence, y: year 
Later entry 
ranges -0.70 to -
0.09 
Townsend 
et al 
2005(91) 
USA Cohort study 15 ODM & 
15 controls  
4y PDM+GD
M  
Not stated  WPPSI-R at 4 IQ DM has no association with 
FIQ (118 ± 16 vs 121 ± 21), 
VIQ (116 ± 16 vs 115 ± 19) or 
PIQ (116 ± 14 vs 121 ± 18) 
FIQ, -0.16 (-
0.88, 0.56) 
VIQ, 0.06 (-
0.66, 0.77) 
PIQ, -0.31 (-
1.03, 0.41) 
Veena et al 
2010(92) 
India Cohort study 32 OGDM 
& 483 
controls  
9-10y GDM OGTT KABC -II  
(learning, long term 
retrieval/storage) 
Word order 
 
Pattern reasoning  
 
Verbal ability  
 
Kohs block-design 
 
Coding-WISC-III  
Learning long 
term 
retrieval/stora
ge  
Short-term 
memory 
Reasoning 
ability  
Reasoning 
ability 
Verbal fluency  
Visuo-spatial 
ability 
Attention & 
concentration 
GDM associated with higher 
mean cognitive scores of 
long-term retrieval/ storage 
(β), 0.38 (0.01, 0.75), Verbal 
ability-names, 0.46 (0.09, 
0.83) 
GDM has no association with; 
Attention & concentration, 
0.32 (−0.04, 0.67), Visuo-
spatial ability, 0.01 (−0.36, 
0.39), verbal ability-animals, 
0.22 (−0.16, 0.61), Reasoning 
ability, 0.14 (−0.23, 0.51) & 
Short-term memory, 0.03 
(−0.35, 0.40) 
Long-term 
retrieval/ 
storage, 0.49 
(0.13, 0.85) 
Verbal ability- 
names, 0.45 
(0.09, 0.81) 
Attention & 
concentration, 
0.54 (0.19, 0.90) 
Verbal ability—
animals, 0.34 (-
0.02, 0.69) 
Short-term 
memory, 0.23 (-
0.13, 0.59) 
All effect sizes 
are unadjusted  
Yamashita 
et al 
1996(102) 
Japan  Cohort study 33 OPDM 3 
OGDM & 
34 controls  
3-4y PDM+GD
M 
OGTT Tanaka-Binet 
intelligence scale  
IQ DM associated with lower IQ 
(98 ± 17 vs 113 ± 15)  
IQ, -0.93 (-1.43, 
-0.44) 
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Quality assessment 
The NEWCASTLE - OTTAWA quality assessment scales for case control and cohort studies (45) 
were used to assess the quality of included studies. Two modifications were made: a ‘non-blind 
standard assessment’ option was included in the outcome sub-section of the cohort studies 
assessment scale and ‘the length of follow up for the outcome to occur’ criteria was omitted since 
this systematic review aimed to examine the effect of any diabetes during pregnancy on cognitive 
development of offspring to the age of 12. Consequently, a slightly modified score ranging from 
zero (most likely biased) to eight (highly unlikely to be biased) was calculated for each study.  
Data synthesis and analysis  
Meta-analysis was not performed because of heterogeneous cognitive outcomes and having too few 
studies which adjusted for potential confounders. Instead, a narrative review and qualitative 
summarisations were undertaken (Table 2.5). 
RESULTS 
A total of 1295 records were identified with English language and human domain restrictions. After 
removal of duplicates, the titles of 847 articles were screened with 679 identified as not relevant or 
further duplicates. The abstracts of 168 articles were then evaluated independently and 111 records 
were excluded. Subsequent full record evaluations on 68 articles resulted in a total of 19 eligible 
studies. However, two studies (103, 104) were further excluded since they were published with the 
same populations used in two included studies (87, 89). Additionally, five (91, 101, 105-107) 
relatively different studies were conducted using the same cohort study with varied sample sizes. 
All reported global cognitive development as secondary outcome or confounder at the age of 1 
(101, 105-107) and 4 years (91). None of these studies primarily aimed to evaluate global cognitive 
development of offspring born to diabetic mothers. Therefore, we included Neslon et al (101) (i.e. 
better sample size and relatively recent) and Townsend et al (91) (i.e. cognitive development was 
measured at the age of 4 years with Wechsler Intelligence Scale for Children (WISC)) in the 
review. Overall, 14 studies (43, 86-92, 97-102) were eligible for this review.  
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Table 2.5. Summary of the associations between diabetes in pregnancy & offspring’s cognitive development, and confounders and covariates 
   Potential confounders/covariates  
Maternal  Offspring 
Study/year  Association  Age  BMI SES Education  
 
HDP Depression 
 
Lifestyle 
behaviours 
Parity   Breast feeding duration  BWT  GA  Age 
Bonilla, 2012  ↓ √         √ √ √ √ 
Churchill, 1969  ↓ √  √           
Dionne, 2008  ↓     √  √    √ √  
Fraser, 2012  ↓ √ √ √ √   √ √  √ √ √  
Hod, 1999  ↓ √             
Nelson, 2003  ↓              
Nomura, 2012  ↔ √      √    √   
Ornoy, 1999*  ↔   √         √ √ 
Ornoy, 2001  ↔   √         √ √ 
Rizzo, 1991  ↔   √           
Sells, 1994  ↓    √          
Townsend, 2005  ↔              
Veena, 2010  ↑ √ √ √ √       √ √ √ 
Yamashita, 1996  ↓              
↓ Significant negative association, ↑ significant positive association, ↔ no significant association; * found significant association between gestational diabetes mellitus (GDM) and IQ scores in young age (5-8years) groups 
only. Abbreviations; BMI, body mass index; BWT, birthweight, GA, gestational age, HDP, hypertensive disorder of pregnancy, SES, socioeconomic status, IQ, intelligence quotient 
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Quality assessment  
Using the adapted NEWCASTLE - OTTAWA quality assessment scale, the scores for each study 
ranged from two to six, out of eight. In addition to low overall scores, the following quality 
concerns were observed; half of the studies reported unadjusted results, in all studies except one 
(99) the study population was obtained from unrepresentative populations mainly from hospital 
facilities, and seven of 14 studies (43, 86, 91, 92, 98, 100, 102) reported the use of standard 
cognitive development assessment tools but failed to provide or report blind assessment.  
Study characteristics 
The 14 studies were conducted between 1969 and 2015. The offspring’s age at cognitive assessment 
ranged from 6 months to 12 years. Most of the studies were conducted in the USA, Israel, and the 
UK with three in India, Japan and Canada. The majority of the studies (n=10) were prospective 
cohorts. Even though measurement tools were diverse, offspring’s IQ using several different IQ 
scales was the most commonly assessed cognitive outcome followed by the Bayley’s Mental 
Development Index (MDI). Overall, 10 out of 14 studies (86, 87, 89-91, 97, 98, 100-102) 
investigated the associations between maternal PDM or both PDM and GDM with cognitive 
development of offspring. The remaining four studies (43, 88, 92, 99) exclusively examined the 
associations between maternal GDM and offspring cognitive development (Table 2.4) 
The association between PDM and offspring’s cognitive development  
In 1969, Churchill et al (97) demonstrated the negative associations between maternal diabetes in 
pregnancy (i.e. both PDM and GDM) and offspring’s cognitive development. They administered 
the Bayley’s (MDI) at 8 months (n=121) and the Stanford Benet Intelligence Scale (SBIS) at 4 
years (n=231) of age. In this study, maternal diabetes during pregnancy with acetonuria was 
associated with lower MDI and IQ scores. Offspring born to mothers with diabetes complicated by 
acetonuria scored about 2.5 and 7 points lower in MDI and IQ scores, respectively compared to 
offspring of mothers without diabetes. However, in the absence of acetonuria, offspring of diabetic 
mothers (ODM) had similar MDI and IQ scores to controls.  
In 1991, Rizzo and colleagues (89) conducted a cohort study of 89 offspring of PDM mothers 
(OPDM), 99 offspring of mothers with GDM (OGDM) and 35 controls, aged 2-5 years. The study 
examined the correlation between maternal metabolism during pregnancy and offspring’s cognitive 
and behavioural functioning. Accordingly, offspring’s MDI scores correlated inversely with 
mother’s third trimester plasma beta-hydroxybutyrate levels and the Binet’s IQ scores correlated 
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inversely with mother’s third trimester plasma beta-hydroxybutyrate and free fatty acid levels. 
However, they found similar MDI and Binet’s IQ scores among groups. In support of this, Ornoy et 
al (87) in 32 OGDM, 57 OPDM and 57 controls matched on age, socioeconomic status (SES), 
gestational age, birth order and family size reported similar Wechsler’s IQ scores across these 
groups. Despite lack of statistical significance, OGDM scored 5 points below controls.  
Nelson et al (101) aimed to evaluate cross-modal recognition memory of infants and provided a 
simple MDI score comparison (unadjusted) between 52 ODM and 75 controls at the age of 1 year. 
They found a significant difference between these groups (mean 100 (SD = 9) vs 104 (SD= 8), 
P<0.03). However, using a small (15 ODM and 15 controls) subset of the same population but at 
the age of 4 years, Townsend et al (91) supported the null association between maternal diabetes 
during pregnancy and offspring’s cognitive development as measured by Wechsler’s IQ. Authors 
failed to provide explanations for this discrepancy except the cognitive measurement variations.  
In another study, Sells et al (90) examined the neurodevelopmental outcomes of offspring born to 
mothers with insulin dependent PDM. They included 109 OPDM (70 early entry and 39 late entry) 
and 90 controls and administered various cognitive and language development measures at 6-36 
months of age. In this study, PDM was significantly associated with lower scores of language 
development in late entry groups, although this association was not observed between maternal 
PDM and offspring’s MDI and Binet’s IQ scores.  
Hod et al (100) in 31 OPDM and 41 controls at 1 year of age, confirmed the negative association 
between maternal PDM and offspring MDI; OPDM scored 7 points below controls (91 ± 9 vs 98 ± 
12), P < 0.05). Similarly, Yamashita et al (102) found significantly lower Tanaka-Binet IQ scores in 
15 OPDM (98 ±17) compared to 15 controls (113 ± 15, P < 0.0001). However, both studies failed to 
account for any potential confounder.  
Recently, Bonilla et al (98) (n = 6272) and Fraser et al (86) in two different large cohort studies 
examined the cognitive development of offspring born to women with PDM and GDM at the age of 
4 and 8 years. The former authors reported that maternal diabetes during pregnancy was negatively 
associated with Wechsler’s IQ scores; ODM scored 3.5 (95% CI -5.6, -1.5; P = 0.001) points lower 
compared to offspring of women without diabetes. The authors did not report the outcomes by 
diabetes type, failed to account for potential confounders such as SES and pre-pregnancy BMI, and 
did not provide information about the nature and size of the control group. Fraser et al also revealed 
that both PDM and GDM were associated with lower offspring school entry assessment (age 4, n ~ 
5849), and Wechsler’s IQ (age 8, n ~ 5124) scores. However, after full adjustments were made for 
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various confounders, the negative associations persisted only between maternal GDM and verbal IQ 
(mean difference (MD) =9.92) scores. Despite full model adjustment, Fraser and colleagues 
acknowledged the presence of the small number of diabetic mothers (n ≈ 44) and a significant loss 
to follow up (i.e IQ data were available for about 49% of the cohort). 
The association between GDM and offspring’s cognitive development  
The associations between maternal GDM and offspring’s cognitive development was separately 
reported in seven studies (43, 86-89, 92, 99), but in only four (43, 88, 92, 99) of them was GDM 
exclusively addressed. Hence, to avoid repetition, only the last four studies are presented here.  
In a retrospective cohort study, Ornoy et al (88) compared neuropsychological function of 32 school 
age children born to mothers with well controlled GDM and 57 controls matched by age, birth 
order, and parental SES. Although the study was underpowered and lacked any adjustment for 
confounders, the younger age (i.e. 5-8 years) OGDM scored eight (107 ± 11 vs 115 ± 11) and ten 
(111 ± 14 vs 121 ± 8) points lower in Wechsler’s verbal IQ and full IQ scores, respectively, than 
controls; but such associations were not observed in older children, aged 9-12 years, or on the 
performance IQ scale. 
Recently, Dionne et al (99) compared OGDM and controls, aged from 1.5-7 years, in various 
language development measures. In this study, OGDM scored between 0.27 to 0.41 SD below 
controls on expressive vocabulary and grammar at 18 and 30 months. At 72 and 84 months, 
maternal GDM was also associated with lower mean scores in oral communication. In both cases, 
the model was adjusted for sex, gestational age, birthweight, Apgar score, gestational hypertension, 
alcohol use and smoking in pregnancy. The same authors also reported an OR of 2.2 (95% CI: 1.4-
3.5) for the risk of language impairment. At 42 and 60 months of age no differences between 
OGDM and controls on expressive and receptive vocabulary were observed. In addition, the groups 
did not differ in mean reading and maths scores.  
In contrast, Veena et al (92) reported that maternal GDM was associated with higher mean 
cognitive scores of long term retrieval/storage, verbal ability, attention and concentration, as 
measured by the Kaufman’s Assessment Battery for Children, WISC and other cognitive tests, in 32 
school age OGDM and 483 control children after adjustments were made for various confounders. 
The authors acknowledged the relatively small number of OGDM and requested larger studies.  
More recently, Nomura et al (43) examined the independent and synergistic effect of maternal 
GDM and low SES on the cognitive and language development of 21 OGDM and 191 controls. 
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They compared pre-schooler children (aged 3-4 years) exposed to one of four conditions: neither 
mother’s GDM nor low SES (n=97); mother’s GDM but not low SES (n=12); no mother’s GDM 
but low SES (n=94); and both mother’s GDM and low SES (n=9). From these pairwise 
comparisons, they found that children born to both diabetic and low SES mothers had lower verbal 
and full-scale IQ and language composite scores on the Wechsler preschool and primary scale of 
intelligence (WPPSI-III). When compared to the first group, maternal GDM alone was also 
significantly associated with lower cognitive (full and verbal IQ) and language development but 
with attenuated effect sizes. 
DISCUSSION 
To our knowledge this is the first systematic review to examine the associations between maternal 
diabetes during pregnancy and childhood cognitive development. We found a small number of 
geographically limited studies, the majority of which were small and did not adjust for important 
confounders. Though not conclusive, eight out of 14 studies appeared to support the negative 
association between maternal diabetes during pregnancy and offspring’s cognitive and language 
development. Generally, the effect sizes were heterogeneous, varying from -1.30 to 0.54. Effect 
sizes were consistently larger for language development compared to performance IQ suggesting 
that the latter is less likely to be affected by maternal diabetes during pregnancy. The finding has 
relevant clinical implications as the prevalence of GDM and type 2 diabetes (T2DM) are increasing 
(73, 108). It is worth noting however that the evidence is from limited observational studies i.e. 
whether the observed association was exclusively due to diabetes during pregnancy, its 
complications or confounders was unclear with the available evidence. 
Most of the studies (86, 98, 99) conducted with relatively larger sample sizes, totalling 2833 or 
more offspring showed consistent negative associations. Others that failed to detect such 
associations were conducted with smaller sample sizes (87, 89, 91) and therefore had less power to 
detect true differences between groups. 
Only two of the 14 eligible studies (86, 92) fully accounted for potential confounders such as 
maternal pre-pregnancy BMI, SES, maternal age, alcohol use and smoking during pregnancy and 
offspring-related covariates. Maternal pre-pregnancy overweight/obesity is well-known strong 
predictor of both maternal PDM, particularly T2DM, and GDM (60). For instance, in the USA more 
than 80% and 49% of diabetic patients were found to be overweight and obese, respectively (109). 
Together with the increasing trend of overweight and obesity and the subsequent effect of these 
conditions on maternal diabetes (75), the relationship between these and later cognitive 
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development of the offspring needs better understanding. To date there have only been a few studies 
to show the independent associations of maternal pre-pregnancy obesity and offspring’s cognitive 
development (33-35). Hence, studies in this review which came up with the negative association 
between maternal diabetes during pregnancy and offspring’s cognitive development could have 
been confounded by maternal pre-pregnancy obesity.  
Studies in young offspring consistently showed that both maternal PDM and GDM reduced their 
cognitive and language development, whereas the majority of the studies in elder children showed 
no effect of maternal diabetes on their cognitive development. This suggests that either the intra 
uterine effect of diabetes may diminish as children get older or post-natal factors such as SES (99) 
accounted for the association. Alternatively, the effect of diabetes in pregnancy may be reversible as 
the cognitive abilities in young children are prone to changes mainly to their home environment 
(110). 
Maternal SES, measured by maternal education, occupation and income, is a powerful determinant 
of health. In a recent systematic review (111), SES was a significant confounder in the association 
between preterm birth and cognitive deficit and these authors recommended the need to adjust the 
role of SES in studies reporting child cognitive development. In line with this, Nomura et al (43), 
included in this systematic review, revealed a negative synergistic effect of maternal low SES and 
GDM on offspring’s IQ and language development. Moreover, a large cohort study (112) using data 
from Swedish population registers, found lower IQ scores in non-sibling men born to diabetic 
mothers, but no such association within sibships discordant in their exposure to maternal diabetes in 
pregnancy; reflecting the role of the shared environment, specifically SES. However, few of the 
included studies matched controls on the basis of SES (88) or adjusted for SES (86) in the 
relationships between maternal diabetes during pregnancy and offspring’s cognitive development. 
Similarly, other potential confounders including maternal age (113, 114), alcohol use (115, 116) 
and smoking during pregnancy (117) and offspring related covariates such as gestational age (118), 
and birthweight (96, 119) were rarely adjusted for.  
A review by Ornoy et al (120) concluded that the cognitive ability of offspring born to well 
controlled diabetic mothers is usually normal. Despite substantial challenges, maternal metabolism 
control has multiple benefits including but not limited to reduction of perinatal adverse outcomes 
and long term impacts in offspring exposed to maternal diabetes in pregnancy (121). However, the 
conclusion was offered from limited, mainly small (87, 89, 90) and descriptive (95, 96, 122) 
studies. In addition, mixed results have been reported; with null or positive associations between 
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different measures of maternal metabolic control and diverse measures of cognitive ability (95, 98, 
102, 107). Even in well controlled maternal diabetes, offspring’s cognitive development has been 
found to be significantly impaired (88, 100). Regardless of maternal metabolic control, in our 
systematic review one study (86) fully adjusted for potential confounders with relatively good 
power, and other studies, (88, 90, 98-102) which partially adjusted for potential confounders, 
reported significantly impaired cognitive development in offspring born to either PDM or GDM 
mothers.  
 In contrast, in Indian school age children born to a population with higher rates of diabetes in 
pregnancy (6.9%), Veena and colleagues (92) found higher cognitive scores on a variety of 
cognitive measurements in offspring of women with GDM compared to offspring of women 
without GDM. Unlike in developed nations, the authors reported that GDM has been positively 
associated with higher SES and hence the observed association could be attributable to residual SES 
confounders. Though there are no data on the maximum thresholds of maternal glucose level that is 
deleterious to the growing fetus, Veena et al (92) and others (98, 112) revealed the positive 
associations between maternal glucose during pregnancy and offspring’s cognitive scores. Optimal 
maternal glucose level during pregnancy is vital for the growing fetus. However, tight glycaemic 
control is usually associated with hypoglycaemia; a condition which if repeatedly occurring could 
lead to impaired cognitive development (123). 
The observed discrepancies between some of the studies that found negative (99, 102), null (87, 89, 
91) and positive associations (92) could also be partly due to cognitive test variations and the 
subsequent different cognitive outcomes. The effect of maternal diabetes in pregnancy may vary by 
specific types of cognitive domains as reflected by heterogeneous effect sizes. However, we are 
unaware of any evidence supporting this suggestion. Various cognitive development measurements 
of offspring, obtained from self-report to highly standardized and blindly administered tools, were 
used. Besides, despite the utilization of standard cognitive measurement tools, half of the studies 
(43, 86, 91, 92, 98, 100, 102) failed to provide or report blind outcome assessment. Assessors’ 
awareness of exposure status in randomized controlled trials is found to be a source of information 
bias (124); it may be also a problem in observational cohort studies that did not commence as case-
control designs. Likewise, maternal diabetes status was obtained either from hospital records, 
interview or from objectively measured but varied glucose tolerance tests. These measurement 
variations may also contribute to the observed inconsistencies: for instance between Nomura et al 
and Fraser et al (43, 86). Moreover, in these studies (43, 86) universal GDM screening was not 
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available and it is possible that controls could have GDM. If so, this could have diluted the 
associations.  
Some of the strengths of this systematic review are: it included studies without time restriction, 
employed independent reviewers and a standardized quality assessment tool. However, publication 
bias in the included studies is an inevitable limitation. A recent systematic review showed a strong 
tendency of publication of positive or significant results (125). On top of that we restricted our 
systematic review to published articles and did not contact experts for additional data. Although we 
excluded limited studies through language restriction, still relevant studies could have been missed 
from this restriction. More importantly, meta-analysis was not performed owing to limited studies 
with diverse cognitive outcomes and model adjustment. 
Conclusions 
There are a scarcity of data available on the influence of maternal diabetes during pregnancy on the 
subsequent cognitive development of offspring. This review has found that maternal diabetes during 
pregnancy appears negatively associated with offspring’s childhood cognitive development. The 
effect was substantial in the young age offspring’s language development particularly verbal IQ. 
However, the extent to which the observed association is due to potential confounders such as pre-
pregnancy obesity, maternal SES or other confounders is unclear. The use of diverse cognitive and 
diabetes assessment tools/criteria, sample size, and population differences contributed to the 
inconsistent findings. Larger prospective studies which address potential confounders are still 
needed to confirm the independent effect of maternal diabetes on cognitive development of 
offspring. Future research also needs to unravel whether the negative association is due to maternal 
diabetes itself or metabolic complications. 
LITERATURE REVIEW UPDATE AFTER PUBLICATION OF PAPER 2 
To provide the most current evidence on the association between maternal diabetes in pregnancy 
and the cognitive development of offspring during childhood, an updated literature search, using the 
same key words used in the systematic review has been performed in PUBMED between June 2015 
and mid-March 2018. Four hundred and forty-two records were identified, of which three studies 
(55, 67, 126) were found to be eligible for this update. These studies were conducted in Greece 
(67), Mexico (126) and Spain (55). While all of them examined maternal GDM as an exposure, the 
offspring childhood cognitive outcomes were diverse. 
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Similar to our original systematic review, studies included in this update do not show a consistent 
picture on the association between maternal GDM and childhood cognitive outcomes of offspring, 
perhaps because of methodological variations. For instance, Bolanos et al (126) analysed various 
cognitive outcomes of children between the age of 7 and 10 years. They found that children of 
mothers with GDM showed significantly poorer performance on graphic, spatial, and bimanual 
skills on the Child Neuropsychological Evaluation as well as lower scores in the full-scale IQ and 
working memory index on the Wechsler Intelligence Scale for Children. 
In contrast, although the association did not reach statistical significance, Daraki et al (67) showed a 
positive association between maternal GDM and preschool children’s (at 4 years of age) cognitive 
development outcomes as measured by the McCarthy Scales of Children’s Abilities which includes 
verbal ability, perceptual-performance, quantitative ability and sort term memory as well as a 
general cognitive score (calculated by combining the verbal, perceptual performance and 
quantitative scores). Likewise, another study by Torres-Espinola and colleagues (55), demonstrated 
no significant association between maternal GDM and the Bayley’s cognitive and language 
composite scores of children at the ages of 6 and 18 months, although the study lacked statistical 
power.  
In summary, the impact of maternal diabetes in pregnancy, particularly maternal GDM on 
childhood cognitive development in offspring remains controversial because of limited studies with 
considerable methodological flaws. Further sufficiently powered studies across populations are 
therefore required to fully evaluate the specific aspects of child cognitive development which might 
be influenced by maternal GDM. 
In addition to the cognitive child outcome, a few studies have suggested a link between maternal 
diabetes in pregnancy and offspring childhood physical development. The following section will 
provide a literature review on this. 
2.4. Diabetes in pregnancy and offspring childhood physical development 
A very small number of studies, mainly in Israel and the USA, have examined the perinatal 
influence of maternal pre-existing diabetes (PDM) and GDM on the physical development of 
offspring from infancy through late primary school age (i.e. 12 years). These studies have reported 
mixed results: some finding a negative association between either maternal PDM or GDM and 
physical development outcomes in children (87, 100, 127) and some not (90, 101).  
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Over a decade ago, a review by Ornoy et al (120) on the growth and neurodevelopmental outcomes 
of children born to diabetic mothers indicated that maternal diabetes was associated with impaired 
fine and gross motor development of offspring but not with their cognitive development. However, 
the review was not a systematic one and the conclusion was offered based on a small number of 
studies (87, 100). 
On the other hand, two studies (90, 101) have found no associations between maternal diabetes in 
pregnancy and physical outcomes in children. Nelson et al (101) found no association between 
maternal diabetes during pregnancy and later infant psychomotor development as measured by the 
Bayley Scale of Infant Development, although it was limited by low statistical power. Similarly, 
Sells et al (90) in offspring of mothers with PDM investigated the physical development of 
offspring at various ages of 6, 12, 24 and 36 months in a relatively small population. In both the 
Bayley’s psychomotor and Vineland’s fine and gross motor measurements at various ages, no 
associations were observed between maternal PDM and these motor scores.  
A recent meta-analysis (128) of six observational studies (although three of them used data from the 
same cohort study with varied sample sizes) found significantly lower psychomotor development 
index scores in children of diabetic mothers, as summarised as an effect size of -0.31 (5% CI: -0.55, 
-0.07). However, the study did not adjust for key confounders such as maternal socioeconomic 
status and pre-pregnancy BMI and the included studies were limited to infants.  
Following the above meta-analysis, three recent cohort studies (55, 67, 129) showed mixed results 
on the association between maternal GDM and childhood motor development in offspring, probably 
because of variations in child outcome measurements and age at assessment. Torres-Espinola et al 
(55) evaluated the fine and gross motor development of children at the age of 6 (n =215) and 18 (n= 
197) months. At 6 months of age, the mean fine or gross motor scores were similar for children 
born to mothers with GDM and normal weight mothers with no GDM. However, at the age of 18 
months, children born to mothers with GDM were found to have lower gross motor scores than 
children born to normal weight mothers with no GDM, although the result did not reach statistical 
significance. Similarly, Ghassabian et al (129) assessed motor milestone achievement at 4, 8, 12, 
18, and 24 months of age. They found that children born to mothers with GDM took longer to 
achieve sitting without support, walking with assistance and walking alone than children of women 
with no GDM. Similar findings were observed for maternal PDM. On the other hand, Daraki et al 
(67) showed no significant association between maternal GDM and preschool children’s (at 4 years 
of age) gross and fine motor outcomes as measured by McCarthy Scales of Children’s Abilities. 
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In summary, despite increasing trends of GDM, as to our knowledge only a few small studies have 
examined the motor development of offspring born to women with GDM. Most of these studies 
were limited to infants (≤2 years), and whether the association between maternal diabetes in 
pregnancy persists or emerges in older children remains unknown. Given the small number of 
studies with inconsistent findings, sufficiently powered prospective cohort studies addressing 
potential confounders on the association between maternal GDM and offspring physical 
development are therefore required. 
2.5. Hypertensive disorders of pregnancy and offspring childhood physical and 
cognitive development 
Several, mainly small observational studies have examined the association between maternal HDP 
and offspring cognitive development at various ages. Findings from these studies were conflicting, 
some (130-133) reported that HDP, specifically pre-eclampsia, was associated with poor offspring 
cognitive development, while others (134-137) declared the absence of such associations or 
reported the protective effect of HDP (138, 139). As a result, recently Tuovinen et al (42) 
systematically reviewed the available evidence on the relationship between HDP and cognitive 
functioning of offspring (included both adults and children). The review included 19 observational 
studies. Only three of the included studies followed the current diagnostic criteria of HDP (140). 
Studies also varied in terms of control/comparison groups. For instance, seven of 19 studies 
reported using offspring born to non–pre-eclamptic mothers as a comparison group which may 
include offspring born to women with chronic or gestational hypertension. Overall, they found 
consistently negative associations between HDP and cognitive ability of adult offspring between the 
ages of 19 and 69 years but findings for the effects on children were inconsistent, and more research 
was requested. 
There is a paucity of data on the association between HDP and the physical development of 
offspring. In a case control study, Szymonowicz and Yu (141) compared the Bayley psychomotor 
development index of infants with very low birthweight born to mothers with severe pre-eclampsia 
(n = 27) with similar infants born to normotensive mothers (n = 26). They found no significant 
difference in mean Bayley psychomotor development index scores at the age of two years (mean 
(SD), 89 (22) in cases vs. 93 (15) in controls). Similarly, Schlapbach and colleagues (136) evaluated 
the Bayley psychomotor development index scores among preterm infants exposed to maternal pre-
eclampsia (n = 33), infants exposed to maternal chorioamnionitis (bacterial infection of the fetal 
amnion and chorion membranes) (n = 33), and control infants (n = 33). The authors found no 
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significant mean difference in the Bayley psychomotor development index scores (the mean scores 
were 80.5 in the control group, 80 in the pre-eclampsia group and 85 in the chorioamnionitis 
group). 
Nevertheless, recently Grace et al (142) using data from the Western Australian Pregnancy Cohort 
(Raine study) indicated significantly poorer motor development at the age of 10, 14 and 17 years in 
offspring of mothers with HDP, particularly pre-eclampsia, compared with offspring born to 
normotensive mothers. In line with this, Ghassabian et al (129) found that children born to mothers 
with gestational hypertension took longer to achieve walking with assistance, but not with other 
milestones. This was after adjustment for a range of demographic and lifestyle factors including 
maternal pre-pregnancy BMI. They also found that children born to women with a severe form of 
HDP (pre-eclampsia/eclampsia) took longer time to achieve developmental milestones, particularly 
hands-and-knees crawling, although the association did not persist when further adjusted for 
plurality (multiple birth) and infertility treatment. In contrast, Silveira et al (137) reported higher 
Bayley psychomotor development index scores in offspring born to pre-eclamptic mothers at the 
age of 18 months (n = 40) compared with similar infants born to non-preclamptic mothers (n = 46). 
However, the study failed to adjust for any confounders and was limited to preterm infants with 
very low birthweight (<1500 g).  
In summary, the association between HDP and the physical development of offspring has received 
less attention and the existing few studies do not give a consistent picture. The observed 
inconsistent findings could be attributable to variations in diagnosis/types of HDP, lack of statistical 
power and differences in measured offspring outcomes and age during assessment. While most 
studies adjusted for gestational age and birthweight, key potential confounders such as maternal 
age, pre-pregnancy obesity, education, smoking and physical activity were not fully addressed in 
the association between HDP and cognitive and physical development of offspring. To minimise 
confounding effects, studies should test/adjust for the above key confounding factors. 
Almost all existing studies (130-132, 134-139, 141) were conducted in clinical populations with 
intrauterine fetal growth restriction or very low birthweight or preterm children and hence have 
poor generalizability. Only a few studies have addressed these associations in community samples 
of adolescents (133, 143) with the whole range of gestational ages and birthweights. Further, not all 
women with HDP have a preterm birth or low birthweight infant. A further limitation of the 
available evidence is that most studies were limited to pre-eclampsia, though a number of mothers 
develop other types of HDP, particularly gestational hypertension that may have distinct 
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pathophysiologic mechanisms. Thus, longitudinal studies addressing the association between HDP 
(including all spectrums) and childhood cognitive and physical development of offspring, including 
a full range of gestational ages and birth-weights, are warranted. 
2.6. Maternal pre-pregnancy BMI and offspring childhood anthropometrics 
As there is a large volume of evidence on the association between parental BMI and offspring 
anthropometrics, this section exclusively focuses on the association of maternal pre-pregnancy 
BMI, or maternal weight at different stages of their lives (including childhood and reproductive 
period) and offspring anthropometrics (or other adiposity assessment) measured during childhood 
and young adulthood. 
Maternal pre-pregnancy obesity is recognised as one of the strongest predictors of offspring 
childhood obesity (144) and obese children are more likely to remain obese in later adulthood (145). 
For instance, a systematic review and meta-analysis (10) examined the association of maternal pre-
pregnancy BMI and offspring birthweight and later childhood overweight or obesity risk. The 
review identified 45 studies eligible for the meta-analysis. The pooled risk of having 
overweight/obese children for women with pre-pregnancy overweight and obesity were, OR (95% 
CI), 1.95 (1.77, 2.13) and 3.06 (2.68, 3.49), respectively. Recent studies of children with normal 
birthweight from low-income families (146) and those from a White British and Pakistani 
population (147) further lend support to the results of this meta-analysis.  
Apart from childhood BMI or weight outcomes, multiple studies have reported the association 
between maternal pre-pregnancy BMI and other childhood adiposity measures. Recently Castillo-
Laura and colleagues (148) have evaluated this in a systematic review and meta-analysis that 
included 10 studies and examined maternal pre-pregnancy BMI and offspring childhood adiposity 
(fat mass, fat mass index, body fat percent) measured by indirect methods (air displacement 
plethysmography, dual energy X-ray absorptiometry, total body water, and body electrical 
conductivity). The standardised mean differences in body fat (%) and fat mass (kg) between 
children of mothers with normal pre-pregnancy BMI and those of overweight/obese mothers were 
0.31 (95%CI: 0.19, 0.42) and 0.38 (95% CI: 0.26, 0.50), respectively, suggesting an increased risk 
of adiposity in children of overweight/obese mothers. Moreover, Lin et al (149) further analysed 
whether the association of maternal pre-pregnancy BMI and offspring childhood adiposity differed 
by ethnicity (Chinese, n = 550, Indian, n = 177 and Malay, n = 249). According to that study, 
maternal pre-pregnancy BMI independently predicted offspring adiposity (as measured by skinfold 
thickness) both at birth and at the age of 24 months and the results were not ethnicity dependent.  
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Evidence has also showed the persistent influence of maternal pre-pregnancy obesity on adulthood 
offspring BMI and other adiposity measures. Maternal pre-pregnancy BMI was found to be linearly 
associated with adult offspring BMI (150-153), waist circumference or waist height ratio (151-153) 
and skinfold thicknesses (152, 154).  
Recent epidemiological studies have examined the role of maternal pre-pregnancy BMI on 
offspring’s BMI trajectories during childhood and late adolescence. Haga et al (155) calculated 
childhood BMI Z score trajectory from birth through to 12 years of age. They identified five 
trajectory groups in boys and six in girls. In that study, higher maternal pre-pregnancy BMI was 
associated with an increased likelihood of the child being included in the trajectory group 
representing progressive obesity. Another two studies (156, 157) using data from different birth 
cohorts further corroborated the aforementioned finding although they found four distinct childhood 
BMI Z score trajectories. Offspring BMI change from late adolescence to young adulthood 
(difference between BMI at age 17 and BMI at age 32) was also found to be significantly associated 
with maternal pre-pregnancy BMI – the higher maternal pre-pregnancy BMI the greater the weight 
gain in offspring (158). 
Conversely, the association between maternal pre-pregnancy BMI trajectory and childhood 
anthropometric outcomes has been less well investigated, with the findings of the existing limited 
studies inconsistent. For example, a study using data from the 1958 British birth cohort (159) 
showed excessive maternal weight gain during childhood and adulthood to be associated with an 
increased risk of obesity in offspring aged 4-18 years. In contrast, researchers using data from the 
EDEN mother-child cohort (160) did not find any statistically significant association between 
women’s weight change (between the average age of 20 years and just prior to pregnancy) and the 
BMI of their children. However, the authors acknowledged that the study had limited statistical 
power and had only two pre-pregnancy weight measures (on average 9 years apart) which were 
reported retrospectively during the first trimester of pregnancy, potentially allowing for recall bias. 
In conclusion, a number of studies have examined the association of maternal pre-pregnancy BMI 
and offspring childhood BMI or adiposity. However, almost all of these studies used only one time 
point for maternal weight, usually reported immediately before pregnancy or during the early 
trimester of pregnancy. Therefore, much less is known about the association between maternal 
preconception BMI trajectories and offspring childhood BMI. A prospective study with repeated 
measures of pre-pregnancy weight would help to inform evidence-based interventions for women in 
their early reproductive years. 
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2.7. Literature review summary 
Overall, a growing body of research has examined the link between maternal pre-pregnancy obesity 
and pregnancy complications with offspring childhood growth and development. While a large 
proportion of studies supported the adverse association between maternal pre-pregnancy obesity 
and offspring childhood cognitive development, limited studies have evaluated this association with 
offspring childhood physical development and their findings are inconclusive. The literature review 
on maternal diabetes and hypertensive disorders during pregnancy and offspring childhood physical 
and cognitive development found relatively a small number of geographically limited studies with 
conflicting findings, the majority of which were small and did not adjust for key confounders. 
Although the association between maternal pre-pregnancy BMI and offspring BMI is well 
established, much less is known about the association of maternal pre-pregnancy BMI trajectories 
and childhood anthropometric outcomes. Therefore, as outlined in the previous chapter (Chapter 1), 
this project aimed to fill these gaps by examining the associations between maternal pre-pregnancy 
weight characteristics, pregnancy complications and offspring childhood growth and development. 
The next chapter (Chapter 3) will present data sources, study design and population used in this 
thesis.   
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Chapter 3 | Data sources, study design and population 
This chapter provides a general overview of the study design, participants and data sources. 
Chapters 4 to 8 include a more detailed description of the sample of women and children included 
and the statistical analysis methods used to answer the specific research questions addressed in the 
studies presented in these chapters. 
3.1. Overview of data sources, study design and population 
To achieve the thesis aims and objectives, data from three sources were used: the Australian 
Longitudinal Study on Women’s Health (ALSWH), Mothers and their Children’s Health (MatCH) 
study and linked data from the Australian Early Development Census (AEDC). Table 3.1 presents 
an overview of the design and population for each data source. 
Table 3.1. Overview of data sources used in this project 
Data source Design  Population   
Australian Longitudinal Study on Women’s Health Longitudinal 
population-based  
14, 247 women  
Mothers and their Children’s Health study Longitudinal 
population-based* 
3,039 mothers with 5,780 children  
Linked Australian Early Development Census Cross-sectional 
population-based 
807 mothers with 943 children 
*only the first wave data were available in 2016/2017.  
The Australian Longitudinal Study on Women’s Health (ALSWH) 
The ALSWH (alswh.org.au), also known as Women's Health Australia, is an ongoing large 
longitudinal population-based study examining factors associated with the health and well-being of 
Australian women. In 1996, three cohorts of women born in 1973-78 (n = 14,247; aged 18-23 at 
baseline), 1946-51 (n = 13,714; aged 45-50 at baseline), and 1921-26 (n = 12,432; aged 70-75 at 
baseline) were randomly selected from the national Medicare health insurance database, which 
includes all Australian citizens and permanent residents. Random samples were drawn within each 
age group with oversampling of women from rural and remote areas to ensure ongoing sufficient 
power for statistical comparisons of the circumstances and health of women residing in urban and 
rural areas. At recruitment, the women were generally representative of Australian women of 
similar age although women in the study were more likely to be married or in a de facto 
relationship, born in Australia and to have a university degree when compared to Australian census 
data (1). In 2013, a fourth cohort of women aged 18-23 years (born in 1989-95) was recruited, 
primarily using the internet and social media platforms (2). The study is funded by the Australian 
Government Department of Health and run by researchers at The Universities of Newcastle and 
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Queensland. The study was approved by the Human Research Ethics Committees at the University 
of Newcastle and the University of Queensland. Informed consent was obtained from all 
participants at each survey. 
This thesis uses data from the 1973-78 cohort of women and their children born between 2003 and 
2015. So far, women of the 1973-78 cohort have completed seven paper-based or online surveys 
over 20 years. The first survey (Survey 1) was conducted in 1996 (age 18-23 years, n = 14, 247), 
the second survey (Survey 2) was in 2000 (aged 22-27 years, n = 9,688) and the remaining five 
surveys (Surveys 3 to 7) were conducted every three years between 2003 and 2015 (Table 3.2). As 
expected, however, there are considerable dropouts at each follow up survey. For instance, of 
13,992 women who were eligible for Survey 2, about 69% (n = 9,688) completed Survey 2 and 
about 57% (7,186 of 12,693 eligible for Survey 7) did Survey 7 (Table 3.2). The major reason for 
attrition was lack of contact with the participant. As compared to intermittent respondents, 
consistent respondents to the first four surveys were more likely to have a university degree and 
were less likely to have children, to be stressed about money and to be smokers (3).  
Table 3.2. Surveys and participant response rates in the 1973-78 cohort of the Australian 
Longitudinal Study on Women’s Health 
 Survey 1 Survey 2 Survey 3 Survey 4 Survey 5 Survey 6 Survey 7 
Year 1996 2000 2003 2006 2009 2012 2015 
Age (years) 18-23 22-27 25-30 28-33 31-36 34-39 37-42 
Deceased  22 33 50 58 77 102 
Frailty (e.g. ID)  3 9 12 15 16 16 
Withdrawn  230 518 800 951 1157 1436 
Total ineligible  255 560 862 1024 1250 1554 
Contacted but did not 
return survey 
 1332 653 1371 1994 1454 1399 
Unable to contact 
participant 
 2972 3953 2869 3029 3533 4108 
Total non-respondents  4304 4606 4240 5023 4987 5507 
Eligible at current survey  13,992 13,687 13,385 13,223 12,997 12,693 
Respondents completed 
survey 
14,247  9,688 9,081 9,145 8,200 8,010 7,186 
Response rate as % 
eligible 
 69.2% 66.3% 68.3% 62.0% 61.6% 56.6% 
Source: ALSWH website (http://www.alswh.org.au/about/sample), ID: intellectual disability 
Mothers and their Children’s Health study (MatCH) 
For the studies reported in Chapters 6 to 8, the child outcome data were obtained from the MatCH 
study and the AEDC through linking mothers’ survey data to data collected through the AEDC. The 
MatCH study is a sub-study of the ALSWH 1973-78 cohort, which builds on the existing 20 years 
of data on this cohort of women.  The study comprehensively examines child health, development 
and health service use in relation to a number of maternal characteristics ranging from sexual and 
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reproductive health to the home environment. The first MatCH survey was conducted in 2016/2017. 
For this study, 8,929 women from the 1973-78 ALSWH cohort were invited to complete a survey 
about their children (up to three youngest, 12 years or younger). While all women of the 1973-78 
ALSWH cohort were potentially eligible, 8,929 women were invited because the remaining had 
died, withdrawn from the ALSWH, asked not to be contacted about sub-studies or reported 
infertility. Finally, 3,039 mothers provided data about their 5,780 children (4). Additionally, during 
the survey mothers were asked to provide consent to allow the MatCH study investigators to access 
their children’s data from the AEDC. 
The study was funded by National Health and Medical Research Council (APP1059550) and 
approved by the Human Research Ethics Committees at the University of Newcastle and the 
University of Queensland. Informed consent was also obtained from all women during the survey. 
The Australian Early Development Census (AEDC) 
The AEDC is an Australian-wide data collection of early childhood development at the time 
children commence their first year of full-time school: the preparatory year when children are aged 
approximately 5 years. The AEDC is a population-based study, held every three years since 2009. 
The AEDC provides comprehensive data to inform policy and strategies targeting children’s health, 
well-being and early childhood development. For the first three AEDC data collections (in 2009, 
2012 and 2015) the participation rate was over 96% (5, 6). The AEDC is funded by the Australian 
Government and is jointly conducted by the Centre for Community Child Health and the Telethon 
Institute for Child Health Research. Further details are available on the AEDC website 
(https://www.aedc.gov.au/about-the-aedc). 
Data linkage  
A probabilistic data linkage was performed by the Australian Institute of Health and Welfare 
(AIHW) Data Integration Services from April to July 2017.  A list of children of consenting 
mothers was securely transferred by ALSWH data manager based at the University of Newcastle 
for matching. The fields for matching were surname, given names, sex, birth order (if a multiple 
birth), date of birth, date of last contact (consent date), residential postcode at last contact, school 
attended for AEDC, postcode and State for AEDC school. The AIHW matched the list against the 
personal information of 859,521 children with AEDC records and identified 948 eligible matched 
pairs. The data were matched in ten progressive passes, linking different variables in order of the 
expected strength of the association.  A clerical review was conducted at each pass, to identify false 
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matches. The concordance file, which contained only the AIHW identifiers and the MatCH Study 
Identifiers for matched children, was securely transferred from the AIHW to the Social Research 
Centre at the Australian National University, which manages the AEDC data.  The Social Research 
Centre extracted the AEDC records, and securely transferred the resulting file to the ALSWH data 
manager based at the University of Queensland under the MatCH Study identifiers, for integration 
with the MatCH survey data. 
3.2. Measurement of maternal exposures and /or outcomes 
All maternal exposure and outcome variables were obtained from the surveys of the ALSWH 1973-
78 cohort. During these paper-based or online surveys, women provided comprehensive data about 
their wellbeing and overall health. Table 3.3 summarises some of the maternal sociodemographic, 
medical, reproductive and lifestyle factors collected at one or more of the ALSWH surveys 
completed by women in the 1973-78 cohort.  
Body mass index, annual weight change and body mass index trajectories 
Different measures of weight and weight trajectory were used in different papers in the thesis. For 
instance, in Papers 3 (Chapter 4) and 4 (Chapter 5), annual percent weight changes were used as the 
key exposure for maternal GDM and HDP outcomes, whereas in Papers 5 (Chapter 6) and 6 
(Chapter 7), maternal BMI trajectories before conception (on average 6 to 13 years prior to 
pregnancy) were identified and used as the key exposure for childhood outcomes (section 3.3). 
In all ALSWH surveys, women were asked to report their weight in kilograms. In all surveys except 
Survey 7, they have also reported their height in centimetres. Self-reported height (metres) and 
weight (kilograms) were used to calculate women’s BMI, computed as weight (kg) / height (m2) at 
every survey and categorised as underweight (<18.5), normal (18.50 – 24.99), overweight (25.00 – 
29.99) and obese (≥ 30) (7). In all analyses, BMI calculated in a survey prior to the conception of 
the index child or pregnancy (children or pregnancies included in the analyses) was considered as 
pre-pregnancy BMI. In previous research, the reliability of self-reported height and weight was 
validated in the ALSWH 1946-51 cohort, which used similar questions to that of the 1973-78 
cohort. A sub-sample of women (n = 159) were requested to provide their height and weight 
measures and were then measured by a staff member following standard protocols.  The results 
showed that the women slightly underestimated self-reported height and weight, with a mean 
difference of 0.67 cm and 0.95 kg, respectively. About 84% agreement was observed between BMI 
categories derived from self-reported and measured data (8). 
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Table 3.3. Relevant variables collected during the surveys of the 1973-78 cohort of the Australian 
Longitudinal Study on Women’s Health 
Variables Frequency of collection (Surveys 1 to 7)   
Sociodemographic factors  
Age Asked at all surveys 
Education level Asked at all surveys 
Area of residence  Asked at all surveys 
Country of birth  Asked at survey 1 only 
Child sex1 Asked at all surveys 
Medical conditions   
Type 1 and 2 diabetes Asked at all surveys 
Hypertension  Asked at all surveys 
Pregnancy complications1  
Gestational diabetes mellitus Asked at all surveys 
Hypertensive disorders of pregnancy Asked at all surveys 
Reproductive factors1  
Number of live births Asked at all surveys 
Multiple birth Asked at all surveys 
Premature birth Asked at all surveys 
Stillbirth Asked at all surveys 
Birthweight Asked at all surveys 
Lifestyle and dietary factors  
Body mass index, kg/m2* Asked at all surveys 
Smoking status   Asked at all surveys 
Alcohol consumption   Asked at all surveys 
Physical activity Asked at all surveys 
Energy intake   Asked at surveys 3 and 5 
1Questions at Survey 2 to 7 were used to provide information for each birth across all survey intervals. *computed using weight reported at each 
survey and height reported at Survey 1. 
The annual percent weight change was calculated by subtracting self-reported weight at the earlier 
survey from weight at the successive survey and dividing by weight at the earlier survey and the 
number of years between the surveys. The annual percent weight change was categorized as high 
(>5%), moderate (>2.5–5%), or small (>1.5–2.5%) loss; stable (loss or gain of up to 1.5%); and 
small (>1.5–2.5%), moderate (>2.5–5%), or high (>5%) gain based on previous research (9). 
In Papers 5 (Chapter 6) and 6 (Chapter 7), three maternal preconception BMI trajectories were 
identified using group-based trajectory modelling; these were qualitatively labelled as ‘normative’, 
‘chronically overweight’ and ‘chronically obese’ trajectories and were used as a predictor for child 
development and anthropometric outcomes. 
Pregnancy complications  
The diagnosis of GDM and HDP was self-reported and was not specific to each type of HDP. From 
Surveys 2 to 4, women were asked “In the last 3 years have you been diagnosed or treated for: 
Gestational diabetes (during pregnancy); Hypertension (high blood pressure) during pregnancy?” 
(Yes or No response options). Whereas for Surveys 5 to 7, women were asked “Were you 
diagnosed or treated for:  Gestational diabetes; Hypertension (high blood pressure) during 
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pregnancy?  In these surveys the women were asked to give a response (yes) for each live birth or to 
indicate that they had ‘never experienced’ these conditions. Women also reported date of birth for 
each child, which was used to assign pregnancy complications to each pregnancy.  
In Australia over the study period, clinical guidelines recommended a positive screening result for 
GDM be made when a 1-hour venous plasma glucose level was ≥ 7.8 mmol/l after a 50 g glucose 
load, or ≥ 8.0 mmol/l after a 75 g glucose load. Diagnosis was confirmed with a 75 g oral glucose 
tolerance test (fasting) with a venous plasma glucose level at 0 hour of  ≥ 5.6 mmol/l and/or at 2 
hours of ≥ 8.0 mmol/l (10). 
The question used to collect HDP data was not specific to identify each subtype, namely gestational 
hypertension and pre-eclampsia. Between 2003 and 2012, about 9% of women in the ALSWH had 
reported a first diagnosis of HDP. This was similar to the estimate reported using the medical 
record. For instance, from 1997-2007, between 8% and 10%, and between 2.5% and 4% of pregnant 
women who lived in New South Wales had been diagnosed to have gestational hypertension and 
pre-eclampsia, respectively (11). According to the Society of Obstetric Medicine of Australia and 
New Zealand (12), new onset of hypertension (systolic blood pressure ≥ 140 and/or diastolic blood 
pressure ≥ 90) after 20 weeks of gestation and new onset of hypertension with proteinuria or with 
other features were used to define gestational hypertension and pre-eclampsia, respectively, and 
these definitions have not changed much thereafter (13).   
Additionally,  a validation study in a subpopulation (n =1,914)  of this cohort of women living in 
New South Wales found a high level of agreement between self-reported physician diagnosed GDM 
(97.8%) and HDP (91.9%) and the medical record , particularly when women were asked per child 
(14). 
3.3. Measurement of child outcomes 
While the child anthropometric outcomes were obtained exclusively from the MatCH study, 
measurements on childhood physical and cognitive development were from two sources: MatCH 
study and linked AEDC dataset. 
Mothers and their Children’s Health study (MatCH) 
Childhood physical development  
For the MatCH study, mothers provided data on the gross motor and communication aspects of the 
Ages and Stages Questionnaire (ASQ-3). The ASQ is parent-completed and validated child 
development screening instrument for children aged 1-66 months (15). The ASQ assesses five 
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domains of early child development (communication, gross and fine motor, problem solving and 
personal-social domains) using 30 questions (6 items per domain). Each item in each domain has a 
choice of three responses: ‘Yes’, ‘Sometimes’ or ‘Not yet’, scored as 10, 5, or 0, respectively. Then, 
the sum of items in each domain, ranging from 0 to 60, is compared to the cut off values for that age 
group. For the MatCH study, data were collected only on the gross motor and communication 
aspects of the ASQ, and only the gross motor outcome was used in this thesis because of the small 
number of children with a suspected communication delay. The full ASQ tool was too long to use 
all the scales (21 age groups x 5 subscales x 6 questions = 630 questionnaire items). The gross 
motor and communication aspects were selected as they are most closely related to overall level of 
development.  
Childhood anthropometric measures  
For the MatCH study, women were sent a measuring tape and instructions on how to measure their 
child’s height and asked to report their child’s height in centimetres and to weigh their child on a 
bathroom scale or to obtain the child’s weight from recent child health record and report the weight 
in kilograms or pounds and ounces. All weights recorded in pounds and ounces were converted into 
kilograms. Then, the reported child height and weight were used to calculate child BMI (weight 
(kg) / height (m2)) and categorised as underweight, normal, overweight or obese groups following 
the standard BMI definition for children between 2 and 18 years  (16). A SAS Program for the 2000 
Centers for Disease Control and Prevention Growth Charts was used to calculate the sex and age 
specific BMI-for-age, height-for-age, weight-for-age and weight-for-height z-scores (17). 
The reliability of maternal report on their children anthropometric measures was not assessed in this 
cohort. However, evidence (18) has shown a strong correlation between objectively measured child 
height, weight and BMI, and parent reported measures although such reports were less sensitive 
(79%) to identify obese children (19).  
The Australian Early Development Census (AEDC) 
Childhood physical and cognitive development  
The AEDC involves teachers of children in their first year of full-time school completing a research 
tool, the Australian Early Development Instrument (AEDI) that was adapted from the Canadian 
Early Development Instrument. The instrument has been validated for the Australian population (6) 
and has been used in several nations. The instrument collects data relating to five key areas of early 
childhood development: these include physical health and wellbeing; social competence; emotional 
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maturity; language and cognitive skills; and communication skills and general knowledge. Domain 
scores are represented by a number between 0 and 10 with a higher domain score indicating a 
higher level of development within that particular domain. In this thesis, data on the physical health 
and wellbeing (gross and fine motor skills) and language and cognitive skills, and communication 
skills and general knowledge were reported.  
3.4. Measurement of covariates and confounders 
In addition to the key maternal exposures and outcomes, all other characteristics used as covariates 
or confounders in the analyses are shown in Table 3.4. They were obtained as part of the ALSWH 
surveys. In addition, for the MatCH study mothers provided data on child sex, age and multiple 
gestation.  
Area of residence was derived using the Accessibility/Remoteness Index of Australia (ARIA+) 
(20). The ARIA+ scores range from 0 to 15: 0 ‒ 2.00 (major cities of Australia), >0.20 – 2.40 (inner 
regional Australia), >2.40 - 5.92 (outer regional Australia), >5.92 – 10.53 (remote Australia) and 
>10.53 (very remote Australia). In most analyses, the latter three groups were collapsed into outer 
region/remote area of residence. 
Pre-pregnancy physical activity was derived from total metabolic equivalent (MET) values which 
have been estimated for many activities with values of 3.5, 4 and 7.5, assigned for walking, 
moderate activity and vigorous activity respectively and categorised as sedentary/low (<600 MET 
min/week), moderate (600–<1200 MET min/week) or high (≥1200 MET min/week) (21). Dietary 
intake was assessed at Surveys 3 and 5 by using 101-item food-frequency questionnaire. 
Photographs of different portion sizes were included to identify women’s level of consumption for 
vegetables, meat and casseroles. A total energy intake in kilocalories (kcal/day) was computed at 
the corresponding surveys following the national government food composition database of 
Australian foods, the NUTTAB95 (22). Table 3.4 presents a summary of the exposure variables, 
outcome variables and confounders/covariates used in the studies included in this thesis. 
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Table 3.4. Summary of sample size, variables and data sources for each of the analyses included in 
the thesis 
Chapter  Sample size Exposure 
variable/s 
Outcome variable/s Confounders/covariates Data 
source 
4 3,111 women 
with 5,242 
pregnancies 
Pre-pregnancy 
BMI  
Annual weight 
change 
GDM  Age, area of residence, education, 
parity, smoking, alcohol use, 
physical activity, total energy 
intake and baseline BMI 
ALSWH 
5 2,914 women 
with 4,813 
pregnancies 
Pre-pregnancy 
BMI  
Annual weight 
change 
HDP  Age, area of residence, education, 
parity, multiple birth, smoking, 
alcohol use, physical activity, total 
energy intake and baseline BMI 
ALSWH 
6 652 mothers 
with 771 
children  
GDM* 
HDP 
Preconception 
BMI trajectory 
Child physical and 
cognitive 
development  
Maternal age, area of residence, 
parity, education, smoking, 
physical activity and pre-
pregnancy BMI 
ALSWH 
MatCH 
AEDC 
7 1,606 mothers 
with 2,733 
children 
Preconception 
BMI trajectory 
Child BMI  Maternal age, area of residence, 
parity, education, smoking and 
physical activity 
ALSWH 
MatCH 
8 1,618 mother-
child pairs 
Pre-pregnancy 
BMI 
Child BMI-for-age  
Height-for-age  
Weight-for-age 
Weight-for-height 
Maternal age, area of residence, 
parity, education, smoking and 
physical activity  
ALSWH 
MatCH 
Abbreviations: AEDC, Australian Early Development Census; ALSWH, Australian Longitudinal Study on Women’s Health; BMI, body mass index; 
GDM, Gestational diabetes mellitus; HDP, Hypertensive disorders of pregnancy; MatCH, Mothers and their Children’s Health study; *includes pre-
existing diabetes.   
Chapter 3 | 91 
 
 
 
REFERENCES   
1. Brown WJ, Bryson L, Byles JE, Dobson AJ, Lee C, Mishra G, et al. Women's Health 
Australia: recruitment for a national longitudinal cohort study. Women & Health. 1998;28(1):23-40. 
2. Loxton D, Powers J, Anderson AE, Townsend N, Harris ML, Tuckerman R, et al. Online 
and offline recruitment of young women for a longitudinal health survey: findings from the 
Australian Longitudinal Study on Women's Health 1989-95 cohort. Journal of Medical Internet 
Research. 2015;17(5):e109. 
3. Powers J, Loxton D. The impact of attrition in an 11-year prospective longitudinal study of 
younger women. Annals of Epidemiology. 2010;20(4):318-21. 
4. Mishra GD, Moss K, Loos C, Dobson AJ, Davies PSW, Loxton D, et al. MatCH (Mothers 
and their Children’s Health) profile: offspring of the 1973-78 cohort of the Australian Longitudinal 
Study on Women’s Health. Longitudinal and Life Course Studies. 2018; 9(3), 351–375. 
5. Commonwealth of Australia. Australian early development census national report 2015. 
Canberra: Department of Education and Training; https://www.aedc.gov.au/resources/detail/2015-
aedc-national-report. 
6. Brinkman SA, Gregory TA, Goldfeld S, Lynch JW, Hardy M. Data resource profile: the 
Australian early development index (AEDI). International Journal of Epidemiology. 
2014;43(4):1089-96. 
7. World Health Organization. Global database on body mass index: BMI classification 2006. 
http://appswhoint/bmi/indexjsp?introPage=intro_3html. 
8. Burton NW, Brown W, Dobson A. Accuracy of body mass index estimated from self-
reported height and weight in mid-aged Australian women. Australian and New Zealand Journal of 
Public Health. 2010;34(6):620-3. 
9. Mishra GD, Carrigan G, Brown WJ, Barnett AG, Dobson AJ. Short-term weight change and 
the incidence of diabetes in midlife: results from the Australian Longitudinal Study on Women's 
Health. Diabetes Care. 2007;30(6):1418-24. 
10. Hoffman L, Nolan C, Wilson JD, Oats JJ, Simmons D. Gestational diabetes mellitus--
management guidelines. The Australasian Diabetes in Pregnancy Society. Med J Aust. 
1998;169(2):93-7. 
11. Roberts CL, Ford JB, Algert CS, Antonsen S, Chalmers J, Cnattingius S, et al. Population-
based trends in pregnancy hypertension and pre-eclampsia: an international comparative study. 
BMJ Open. 2011;1(1):e000101. 
Chapter 3 | 92 
 
 
 
12. Lowe SA, Brown MA, Dekker GA, Gatt S, McLintock CK, McMahon LP, et al. Guidelines 
for the management of hypertensive disorders of pregnancy 2008. The Australian & New Zealand 
Journal of Obstetrics & Gynaecology. 2009;49(3):242-6. 
13. Lowe SA, Bowyer L, Lust K, McMahon LP, Morton M, North RA, et al. SOMANZ 
guidelines for the management of hypertensive disorders of pregnancy 2014. The Australian & New 
Zealand Journal of Obstetrics & Gynaecology. 2015;55(5):e1-29. 
14. Gresham E, Forder P, Chojenta CL, Byles JE, Loxton DJ, Hure AJ. Agreement between 
self-reported perinatal outcomes and administrative data in New South Wales, Australia. BMC 
Pregnancy and Childbirth. 2015;15:161. 
15. Squires J, Bricker D. Ages & stages questionnaires, third edition (ASQ-3). Baltimore: 
Brookes; 2009. 
16. Cole TJ, Bellizzi MC, Flegal KM, Dietz WH. Establishing a standard definition for child 
overweight and obesity worldwide: international survey. BMJ. 2000;320(7244):1240-3. 
17. Centers for Disease Control and Prevention. A SAS program for the 2000 CDC growth 
charts  [Available from: https://www.cdc.gov/nccdphp/dnpao/growthcharts/resources/sas.htm. 
18. Brault M-C, Turcotte O, Aimé A, Côté M, Bégin C. Body mass index accuracy in 
preadolescents: Can we trust self-report or should we seek parent report? The Journal of Pediatrics. 
2015;167(2):366-71. 
19. O'Connor DP, Gugenheim JJ. Comparison of measured and parents' reported height and 
weight in children and adolescents. Obesity (Silver Spring). 2011;19(5):1040-6. 
20. Department of health and aged care (GISCA). Measuring remoteness: 
accessibility/remoteness index of Australia (ARIA). Revised ed. in: Department of health and aged 
care, editor. Canberra2001. 
21. Brown WJ, Ford JH, Burton NW, Marshall AL, Dobson AJ. Prospective study of physical 
activity and depressive symptoms in middle-aged women. Am J Prev Med. 2005;29(4):265-72. 
22. Lewis J, Milligan G, Hunt A. Nuttab95: nutrient data table for use in Australia. Canberra 
(Australia) Australian Government Publishing Service; 1995. 
Chapter 4 | 93 
 
 
 
Chapter 4 | Pre-pregnancy weight change and gestational diabetes 
CONTEXT AND OBJECTIVES 
As outlined in Chapter 1, gestational diabetes mellitus (GDM) is a common obstetric complication 
with a number of short- and long-term health consequences to the woman and their babies. While a 
large body of evidence has shown a strong association between pre-pregnancy body mass index 
(BMI) and risk of developing GDM, the association of body weight changes from early adulthood 
to conception and subsequent risk of GDM has been rarely investigated. Therefore, the Australian 
Longitudinal Study on Women’s Health (ALSWH) data were used to address the following 
research objectives: 
- to evaluate whether the changes in early adult pre-pregnancy weight from baseline (1996, 
18-23 years of age) to 25-30 years of age (2003) and to each study pregnancy (with children 
born between 2003 and 2012) are associated with the development of GDM. 
- to examine effect of early adult pre-pregnancy weight change on the subsequent risk of 
GDM in women within different BMI categories.  
This chapter includes a paper published in Diabetes Research and Clinical Practice: 
Adane AA, Tooth LR, Mishra GD. Pre-pregnancy weight change and incidence of gestational 
diabetes mellitus: A finding from a prospective cohort study. Diabetes Research and Clinical 
Practice. 2017;124:72-80. 
 
 
The formatting of the original version of the paper has been slightly modified to adapt to the format 
of this thesis, but the text content has not been modified. 
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ABSTRACT 
Aims: In a population-based cohort study we examined the associations between early adult pre-
pregnancy weight change and the risk of gestational diabetes mellitus (GDM). 
Methods: The study included 3,111 women from the 1973-78 cohort of the Australian Longitudinal 
Study on Women’s Health. These women have been surveyed regularly since 1996. Women 
without diabetes and GDM were followed-up between 2003 and 2012. Generalized estimating 
equations were used to assess the effect of baseline (1996, mean age 20 years) and pre-pregnancy 
body mass index (BMI) and the pre-pregnancy weight changes on the incidence of GDM. The full 
models were adjusted for sociodemographic and lifestyle factors. 
Results: From 2003-2012, 229 GDM cases (4.4%) were reported in 5,242 pregnancies. Relative to 
normal BMI women, obese women at baseline (RR: 1.8, 95% CI: 1.1, 2.8) and prior to pregnancy 
(RR: 2.7, 95% CI: 2.0, 3.6) were at greater risk of GDM. Weight gains prior to each study 
pregnancy were strongly associated with increased GDM risk with an adjusted RR ranging from 2.0 
to 2.9. Within under/normal range of BMI, women with a moderate/high (>2.5%/year) weight gain 
had 2.7 (95% CI: 1.3, 5.5) times the risk of GDM compared with women with stable weight.  
Conclusions: Early adult weight gain, even within normal BMI range, is an important risk factor 
for the development of GDM. Weight gain prevention from early adulthood to prior to pregnancy 
appears to be the main strategy to prevent the incidence of GDM.  
Keywords: early adult, weight change, gestational diabetes mellitus, incidence 
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INTRODUCTION  
Gestational diabetes mellitus (GDM), a state of impaired glucose tolerance recognised for the first 
time in pregnancy, is one of the most frequent pregnancy complications associated with higher 
maternal and perinatal adverse outcomes (1). The prevalence is increasing mainly as a result of the 
rising proportion of women with pre-pregnancy obesity, sedentary lifestyles and advanced maternal 
age at birth (2, 3). Women with GDM are more likely to develop type 2 diabetes in later life 
compared to women without GDM (4).  
The cross-sectional association between body mass index (BMI) and GDM is well established (5). 
Although evidence of a causal relationship is scarce, in a meta-analysis of observational studies, the 
risk of development of GDM ranged from a two- to fivefold increase for women who were 
overweight and severely obese prior to pregnancy, respectively (6). A number of studies (7-10) 
have also showed that weight gain over the life course has substantial effect on the development of 
diabetes and other cardiovascular risks in non-pregnant women and men. However, there are only a 
few studies (11, 12) of the relationship between early adult pre-pregnancy weight change and the 
risk of GDM.  
In the life course, young adults (20-29 years of age) are at higher risk of increased weight gain (13). 
Changes in the early adult pre-pregnancy weight over the reproductive years of the life course may 
have more important effect than the immediate pre-pregnancy weight. The women who develop 
GDM have been shown to have had nearly a twofold rate of weight gain prior to pregnancy than 
non GDM women (11). Even in a normal range of BMI, a pre-pregnancy weight gain has been 
associated with an elevated risk of GDM (12, 14). Weight gain/retention between consecutive 
pregnancies has also been found to be linked with the increased risk of GDM (14, 15). However, the 
existing scarce studies were limited to nursing professional mothers whose childhood body shape 
and weight (at 18 years) were reported retrospectively and subsequent adult weights were collected 
over a short interval (12). The other studies collected weight trajectories in a single retrospective 
interview (11) or measured only inter-pregnancy weight change (14, 15) rather than over the life 
course. These studies were further limited to clinical populations and lacked adjustment for 
potential confounders such as diet, and physical activity, a fact acknowledged by the authors (11).  
We therefore primarily aimed to examine whether the changes in early adult pre-pregnancy weight 
from baseline (1996, 18-23 years of age) to 25-30 years of age (2003) and to each study pregnancy 
(with children born between 2003 and 2012) are associated with the development of GDM using 
data from a broadly representative population-based cohort study of Australian women. As a 
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secondary objective, we investigated the effect of early adult pre-pregnancy weight change on the 
subsequent risk of GDM in women within different BMI categories.  
METHODS  
Data source and participants  
The Australian Longitudinal Study on Women’s Health (ALSWH) is an ongoing large longitudinal 
population-based study examining the health of over 58,000 Australian women. In 1996, three 
cohorts of women born in 1973-78 (‘young’, aged 18-23 at baseline), 1946-51 (‘mid-age’, aged 45-
50 at baseline), and 1921-26 (‘older’, aged 70-75 at baseline) were randomly selected from the 
national Medicare health insurance database, which includes all Australian citizens and permanent 
residents. Random samples were drawn within each age group with oversampling of women in the 
rural and remote areas to ensure ongoing sufficient power for statistical comparisons of the 
circumstances and health of city and country women. ALSWH collects self-reported data using 
mailed or online surveys for each cohort about every three years on a rolling basis. Further details 
of ALSWH are available elsewhere (16). Informed consent was obtained from all participants at 
each survey, with ethical clearance obtained from the Human Research Ethics Committees of the 
University of Newcastle and the University of Queensland. 
This study used data from the young (born in 1973-78) cohort. All women who completed the 
baseline survey (Survey 1 [S1]) in 1996 (n = 14,427) were eligible for this study. Further, as 
inclusion criteria, these women needed to have responded to Survey 2 (S2) and Survey 3 (S3) as 
well as having given birth at least once between S3 and Survey 6 (S6). However, a substantial 
number of women did not respond to S2 or S3 (n = 4,606) and another 4,596 women did not report 
the birth of a child between S3 and S6. Women who were pregnant at S1 (n = 65), S2 (n = 192) and 
S3 (n = 456) were also excluded as pre-pregnancy weight was not available in earlier surveys. 
Further details are displayed in Figure 4.1. 
BMI and weight change 
In this study, early adult baseline and pre-pregnancy BMI as well as weight changes (between 
subsequent surveys: S1-S2; S2-S3; and S1 to each study pregnancy) were the primary exposures of 
interest. Self-reported height and weight at S1 were used to calculate baseline BMI and those 
reported in a survey prior to each study pregnancy were used to calculate the pre-pregnancy BMI, 
and were categorised as underweight (<18.5), normal (18.50 - 24.99), overweight (25.00 - 29.99) 
and obese (≥ 30) (17).  
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Figure 4.1. Flow diagram of sample for the analysis of associations between early adult pre-
pregnancy weight change and risk of development of GDM (between S3 and S6) 
Weight change between S1 and S2 was denoted as S2 – S1 weight and for weight change between 
S2 and S3 it was denoted as S3 – S2 weight. Weight change from S1 to each study pregnancy was 
calculated as the difference between weight prior to each study pregnancy and S1 weight.  
Further, the annual weight change was calculated by subtracting self-reported weight at successive 
surveys and dividing by weight at the earlier survey and the number of years between the surveys 
(S1 and S2 were 4 years apart, S2 and S3 were 3 years apart, whereas S1 and study pregnancies 
were on average 7 [for those born between S3 and Survey 4 (S4); S1 to S3], 10 [for those born 
between S4 and Survey 5 (S5); S1 to S4], and 13 [for those born between S5 and S6; S1 to S5] 
years apart). The annual weight change was categorized as high (>5%), moderate (2.51 - 5%), small 
(1.51 - 2.50%) loss; stable (loss or gain of up to 1.50%); small (1.51 - 2.50%), moderate (2.51 - 
5%), or high (>5%) gain (18). However, very few women had high or moderate weight loss, and 
these were collapsed to a single category representing ‘loss’ (>1.50%). 
 
Women who completed S3 (2003, 25-
30 years, n = 9,081) 
Sample for the analysis of associations between early adult pre-pregnancy 
weight change and risk of development of GDM (n = 3,111) 
Not reporting birth of a child between S3 and S6 (n = 4,596);  
- Have not given birth (n = 3,301)  
- Gave birth only before S3 (n = 1,104) 
- Withdrawn (n = 191) 
Dead (n = 22) 
 
 
 
 
Women reporting birth of at least one 
child between S3 and S6 (n = 4,463) 
 
 
 
1, 352 women were excluded due to the following reasons; 
- Were pregnant at S1 (n = 65), S2 (n = 192) and S3 (n = 456) 
- History of type I or II diabetes (n = 39)  
- History of GDM (n = 56) 
- Missing data on BMI (n = 305) and GDM (n = 18) 
- Missing data on covariates (n = 221) 
 
 
 
Women who completed S1 (1996, 18-
23 years, n = 14, 247) 
Lost to follow up between S1 and S3 (n = 5,166), including;  
- Non-respondents (n = 4,606)  
- Withdrawn (n = 518) 
- Dead (n = 33) 
- Disability (n = 9) 
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Ascertainment of GDM  
The diagnosis of GDM was self-reported. In S4, GDM was obtained from the following question 
“In the last 3 years, have you been diagnosed or treated for gestational diabetes (yes/no)?”, whereas 
in S5 and S6 GDM was obtained for each live birth from the following single question; “were you 
diagnosed or treated for gestational diabetes?” In this study, women who had history of GDM up to 
S3 were excluded. Incidence of GDM was defined as new cases between 2003 (S3) and 2012 (S6). 
In Australia over the study period, 2003-2012, clinical guidelines recommend a positive screening 
result for GDM be made when a 1-hour venous plasma glucose level was ≥ 7.8 mmol/l after a 50 g 
glucose load, or ≥ 8.0 mmol/l after a 75 g glucose load. Diagnosis was confirmed with a 75 g oral 
glucose tolerance test (fasting) with a venous plasma glucose level at 0 hour of ≥ 5.6 mmol/l and/or 
at 2 hours of ≥ 8.0 mmol/l (19). Recently, in a subpopulation of the ALSWH 1973-78 cohort (n = 
1,914), a validation study between self-reported perinatal outcomes and medical records showed a 
high level of agreement (>92%), between self-reported physician diagnosed GDM and the medical 
record (20).  
Assessment of covariates  
At each survey, data on area of residence (urban, rural/remote), age (years), marital status (never 
married, married, de facto, divorced, separated, widowed), education level (up to year 12 or 
equivalent, trade/apprenticeship/certificate/diploma, university/higher degree), parity (nulliparous, 
parous), lifestyle factors (smoking, physical activity and alcohol use) were collected. 
Smoking was categorised as never, ex-smoker, or current smoker. Pre-pregnancy alcohol 
consumption was categorised according to the classifications of the National Health and Medical 
Research Council (NHMRC) of Australia as non-drinker, low-risk drinker (≤ 14 drinks/week), risky 
drinker (15–28 drinks/ week) or high-risk drinker (>28 drinks/week) (21). 
Pre-pregnancy physical activity has been derived from total metabolic equivalent (MET) values 
which have been estimated for many activities with values of 3.5, 4 and 7.5, assigned for walking, 
moderate activity and vigorous activity respectively and categorised as sedentary/low (<600 MET) 
min/week), moderate (600 to <1200 MET min/week) or high (≥ 1200 MET min/week) (22). In 
addition, a total energy intake in kilocalories (kcal/day) was assessed at S3.  
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Statistical analysis 
Descriptive statistics such as percentages and means with standard deviations (SD) were used to 
describe the baseline characteristics of the study population. Chi-square and ANOVA tests were 
used to compare the differences in baseline pre-pregnancy characteristics of included women by 
baseline BMI. 
Generalized estimating equation (GEE) analyses, which account for correlations in repeated 
pregnancies of a mother (23), were used to examine the relationships between baseline (S1, 1996) 
and pre-pregnancy BMI and weight changes (S1-S2, S2-S3 and S1 to each study pregnancy) and the 
risk of development of GDM (between S3 and S6). A log-binomial model was used to estimate risk 
ratios (RR), the exponentiated regression coefficients reflecting the association between the 
incidence of GDM and the baseline BMI. Similar models were fitted with other exposures of 
interest. In each model, RR with 95% confidence interval (CI) was used to estimate the risk of 
development of GDM over 9 years of follow up. 
The full models were adjusted for time varying covariates (area of residence, age, education and 
lifestyle factors [smoking, alcohol use and physical activity]) reported at the survey prior to each 
study pregnancy (S3–5), the reproductive characteristic (parity) reported at the same survey of each 
study pregnancy and total energy intake (kcal/day) reported at S3. Weight change models were 
further adjusted for baseline BMI.  
In supplemental analyses, weight change models were repeated in women stratified by baseline 
BMI and by BMI status across all surveys prior to each study pregnancy (for both, BMI was 
categorised as under/normal weight; BMI<25kg/m2, overweight/obese; BMI ≥ 25kg/m2). All 
statistical analyses were conducted using Stata software version 12 (College Station, TX: Stata Corp 
LP). In all models a p value <0.05 was considered statistically significant and all statistical tests 
were two sided.  
RESULTS 
A total of 3,111 women who reported 5,242 pregnancies between S3 and S6 (mean 1.7 pregnancies 
per women) were included. Of these pregnancies, 229 new cases of GDM (4.4%) were reported. 
The mean age of women at the baseline was 20 (SD 1.5) years. About three fifths (58.8%) of 
women were urban residents. The majority of women had completed up to year 12 (66.6%), were 
never married (82.9%), and were nulliparous (97.4%). Among the study population, 9.3%, 14.6% 
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and 4.4% of women were underweight, overweight and obese, respectively. A quarter (25%) were 
current smokers and about 43% had sedentary lifestyles/low physical activity levels. 
Women’s demographic (area of residence, age), reproductive (parity) and lifestyle factors (smoking 
status, physical activity and alcohol use) were substantially different by the baseline BMI 
categories. The proportion of urban residents was higher in underweight women but lower in obese 
women. Obese women were more likely to be older, parous, and current smokers (Table 4.1). 
As shown in Figure 4.1, 5,166 women were reported as lost to follow up between S1 and S3. 
Supplemental Table S1 shows that all baseline characteristics of the women were significantly 
different by their subsequent response status at S3. Women lost to follow up were younger on 
average (20.2 vs 20.4 years), less educated (73.6% vs 69.2%), born overseas (11.2% vs 7.0%), and 
parous (15.3% vs 7.5%). They were also more likely to be current smokers (37.3% vs 29.7%) and 
underweight (11.1% vs 9.4%). 
Table 4.2 shows the incidence and adjusted RR of GDM (between S3 and S6) according to baseline 
and pre-pregnancy BMI and weight change (S1-S2, S2-S3 and S1 to each study pregnancy) 
categories. In the fully adjusted model (Model 2), baseline obesity was associated with a 76% (95% 
CI: 1.11, 2.80) increased risk of GDM. Pre-pregnancy obesity was also associated with higher risk 
of GDM after adjustment for a range of factors. Women who were obese, on average a year before 
the study pregnancy, were 2.68 (95% CI: 1.98, 3.62) times as likely to develop GDM as compared 
to normal weight women. 
Weight gain from S1 (mean age; 20) to S2 (mean age; 24) was found to be significantly associated 
with the risk of GDM. In a model adjusted for sociodemographic, reproductive and lifestyle factors, 
women who were categorized as having small, moderate and high annual weight gains had about 
1.48, 1.69 and 2.25 times the risk of GDM over 9 years of follow up, respectively, as compared to 
women whose weight remained stable.  
Further adjustment for baseline BMI did not change the point estimates substantially. Similarly, 
weight change from S2 (mean age; 24) to S3 (mean age; 27) was a significant predictor of GDM, 
although the effect sizes were slightly lower than those for weight change from S1 to S2, and 
having small weight gain did not reach statistical significance (RR: 1.27; 95% CI: 0.86, 1.88). 
Weight gain (small, moderate/high) from S1 to each study pregnancy was also strongly associated 
with the development of GDM. There was no statistically significant association between weight 
loss (from S1-S2 and S2-S3) and GDM risk, although RRs were suggesting benefit of weight loss. 
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However, as few women had weight loss (from S1 to each study pregnancy), to retain sufficient 
numbers, the three weight loss groups (high, moderate and small) were combined to stable group. 
Table 4.1. Baseline (1996, age 18-23 years) characteristics of women according to the baseline BMI 
  Baseline (S1) BMI  
Characteristics All (%) 
n = 3,111 
Underweight 
n = 290 
Normal  
n = 2,230 
Overweight 
n = 453  
Obese 
n = 138 
P valuea 
Area of residence       0.001 
Urban 1,829 (58.8) 63.8 59.9 53.6 47.8  
Rural/remote  1,282 (41.2) 36.2 40.1 46.4 52.2  
Age (years) 20.3 (1.5) 20.1 (1.5) 20.3 1.5) 20.4 (1.4) 20.7 1.4) <0.001 
Highest qualification b       0.27 
Up to year 12/less  2,070 (66.6) 69.0 67.0 65.2 64.7  
Trade/apprenticeship
/certificate/diploma 
516 (16.6) 15.5 15.9 19.7 21.3  
University/higher 
degree 
513 (16.5) 15.5 17.2 15.1 14.0  
Marital status b       0.64 
Married 188 (6.0) 5.9 5.8 6.9 8.0  
De facto/ 
Separated/Divorced 
334 (10.7) 11.4 10.4 11.5 13.9  
Never married  2,578 (82.9) 82.7 83.9 81.6 78.1  
Country of birth b      0.81 
Australia 2,879 (92.5) 94.4 93.1 92.7 92.7  
Overseas  213 (6.9) 5.6 7.0 7.3 7.4  
Parity       <0.001 
Nulliparous 3,030 (97.4) 98.6 97.8 96.5 92.0  
Parous 81 (2.6) 1.4 2.2 3.5 8.0  
Smoking status b      <0.001 
Never smoked 1,807 (58.1) 64.3 61.8 54.6 45.5   
Ex-smoker 415 (13.3) 10.7 13.9 14.1 18.2  
Current smoker 779 (25.0) 25.0 24.3 31.4 36.4  
Physical activity      0.04 
Sedentary/low 1,328 (42.7) 47.9 41.2 45.9 44.9  
Moderate 831 (26.7) 28.6 26.6 25.8 28.3  
High 952 (30.6) 23.5 32.2 28.3 26.8  
Alcohol use b      0.04 
Non-drinker 209 (6.7) 9.2 6.9 5.4 5.9  
Rarely drinks  990 (31.8) 36.3 31.1 34.5 35.3  
Low risk drinker 1,722 (55.4) 51.8 57.4 53.0 52.9  
Risky drinker 151 (4.8) 2.8 4.7 7.2 5.9  
Values are mean (SD) or %, a P values from one-way ANOVA or χ2 tests, b had missing values (highest qualification: n = 12, marital status: n = 11, 
country of birth: n = 19, smoking status: n = 110 and alcohol use: n = 39) 
In stratified analyses based on baseline BMI (Table 3), weight changes (S1-S2, S2-S3 and S1 to 
each study pregnancy) in under/normal weight women revealed similar estimates (slightly increased 
for weight changes from S1-S2 and S2-S3 but decreased for S1 to each study pregnancy). In 
overweight/obese women, the effect sizes substantially decreased and did not reach statistical 
significance for shorter term weight gains (S2-S3) as compared to relatively longer-term weight 
gains (S1 to each study pregnancy). 
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Table 4.2. Incidence and relative risk of GDM (between S3 and S6) according to baseline and pre-pregnancy 
BMI and weight change (S1-S2, S2-S3 and S1 to each study pregnancy) categories 
  RR (95% CI) 
Exposures of interest  Cases (%) Model 1a Model 2b Model 3c 
Baseline BMI     
Underweight  18 (4.0) 0.91 (0.56, 1.45) 0.91 (0.56, 1.46)  
Normal weight  161 (4.2) 1.00 1.00  
Overweight  32 (4.3) 0.98 (0.68, 1.42) 0.95 (0.66, 1.38)  
Obese  18 (8.3) 1.76 (1.11, 2.79) 1.76 (1.11, 2.80)  
Pre-pregnancy BMI     
Normal weight*  110 (3.3) 1.00 1.00  
Overweight  54 (4.4) 1.28 (0.93, 1.76) 1.25 (0.90, 1.71)  
Obese  65 (9.9) 2.77 (2.05, 3.73) 2.68 (1.98, 3.62)  
Annual weight change†      
S1-S2     
Loss  15 (2.5) 0.66 (0.39, 1.12) 0.64 (0.38, 1.09) 0.60 (0.35, 1.02) 
Stable 106 (3.6) 1.00 1.00 1.00 
Small gain  33 (5.3) 1.43 (0.98, 2.09) 1.45 (0.99, 2.11) 1.48 (1.01, 2.15) 
Moderate gain  52 (6.3) 1.73 (1.25, 2.38) 1.72 (1.25, 2.37)  1.69 (1.22, 2.34)  
High gain  23 (8.4) 2.29 (1.48, 3.52) 2.28 (1.48, 3.50) 2.25 (1.46, 3.48) 
S2-S3     
Loss  27 (3.8)  1.04 (0.68, 1.60) 1.05 (0.68, 1.60) 1.02 (0.66, 1.56) 
Stable  82 (3.5) 1.00 1.00 1.00 
Small gain  34 (4.5) 1.31 (0.88, 1.93) 1.28 (0.87, 1.90) 1.27 (0.86, 1.88) 
Moderate gain  56 (5.9) 1.70 (1.22, 2.37) 1.65 (1.18, 2.30)  1.64 (1.17, 2.28) 
High gain  30 (7.0) 2.06 (1.37, 3.09) 1.94 (1.29, 2.93) 1.88 (1.24, 2.84) 
S1 to each study pregnancy      
Stable ‡ 113 (3.1) 1.00 1.00 1.00 
Small gain  56 (6.3) 2.05 (1.50, 2.79) 2.03 (1.49, 2.77) 2.02 (1.48, 2.78) 
Moderate/ high gain  60 (8.3) 2.93 (2.16, 3.99) 2.86 (2.10, 3.90) 2.94 (2.16, 4.01) 
aAdjusted for age, area of residence, highest qualification completed and parity, b additionally adjusted for lifestyle factors (smoking status, alcohol 
use, physical activity and total energy intake [kcal/day]), c further adjusted for baseline BMI, * few women had pre-pregnancy BMI<18.5 and were 
merged with normal weight women, † annual weight change categories; Loss (>1.5%); stable (loss or gain of up to 1.50%); small gain (>1.5 - 
2.50%); moderate/high gain (>2.5%), ‡ very few women had weight loss >1.50% and this was collapsed to stable group.  
Our supplementary analysis also demonstrated a statistically significant association between weight 
gains from S1 to each study pregnancy and GDM risk in women reporting under/normal weight 
across all surveys. Women in the under/normal BMI range who showed a small weight gain had 
1.94 times risk of GDM, whereas those women who gained substantial annual body weight 
(>2.50%) had nearly threefold risk of GDM compared with that in women with stable weight 
(Table 4.3). 
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Table 4.3. Incidence and relative risk of GDM (between S3 and S6) according to weight change 
(S1-S2, S2 -S3 and S1 to each study pregnancy) categories stratified by baseline BMI and BMI 
across all surveys prior to each study pregnancy 
  RR (95% CI) 
Exposures of interest  Cases (%) Model 1a Model 2b 
Annual weight change†    
BMI<25 at baseline (n = 4,287)    
S1-S2    
Loss  7 (1.9) 0.51 (0.24, 1.07) 0.49 (0.23, 1.04) 
Stable 88 (3.6) 1.00 1.00 
Small gain  29 (5.4) 1.48 (0.98, 2.22) 1.51 (1.00, 2.27) 
Moderate gain  35 (5.4) 1.53 (1.05, 2.25) 1.53 (1.05, 2.25) 
High gain  20 (8.5) 2.42 (1.52, 3.86) 2.39 (1.51, 3.78) 
S2-S3    
Loss  20 (3.6) 1.10 (0.68, 1.80) 1.11 (0.68, 1.81) 
Stable 66 (3.3) 1.00 1.00 
Small gain  31 (4.8) 1.51 (1.00, 2.29) 1.47 (0.97, 2.23) 
Moderate gain  41 (5.3) 1.69 (1.16, 2.48) 1.64 (1.12, 2.41) 
High gain  21 (7.2) 2.25 (1.40, 3.63) 2.13 (1.32, 3.45) 
S1 to each study pregnancy     
Stable* 90 (3.0) 1.00 1.00 
Small gain 40 (5.7) 1.92 (1.34, 2.76) 1.89 (1.32, 2.71) 
Moderate/high gain 49 (8.2) 2.97 (2.11, 4.18) 2.86 (2.03, 4.04) 
BMI ≥ 25 at baseline (n = 955)    
S1-S2    
Loss  8 (3.5) 0.88 (0.39, 1.99) 0.84 (0.37, 1.88) 
Stable 18 (4.1) 1.00 1.00 
Gain  24 (8.3) 1.90 (1.05, 3.44) 1.87 (1.03, 3.39) 
S2-S3    
Loss  7 (4.2) 0.75 (0.32, 1.77) 0.75 (0.31, 1.77) 
Stable  16 (4.7) 1.00 1.00 
Small /moderate gain 18 (5.8) 1.23 (0.64, 2.37) 1.14 (0.59, 2.22) 
High gain 9 (6.5) 1.45 (0.67, 3.16) 1.46 (0.68, 3.15) 
S1 to each study pregnancy     
Stable* 23 (3.5) 1.00 1.00 
Small gain 16 (8.7) 2.39 (1.29, 4.41) 2.45 (1.33, 4.54) 
Moderate/high gain 11 (8.9) 2.78 (1.38, 5.58) 3.14 (1.54, 6.40) 
BMI<25 across all surveys (n =3,007)    
S1 to each study pregnancy    
Stable* 69 (2.8) 1.00 1.00 
Small gain  19 (5.1) 2.00 (1.22, 3.29) 1.94 (1.18, 3.20) 
Moderate/ high gain  8 (5.9) 2.57 (1.25, 5.31) 2.67 (1.30, 5.49) 
aAdjusted for age, area of residence, highest qualification completed and parity, b additionally adjusted for lifestyle factors (smoking status, alcohol 
use, physical activity and total energy intake [kcal/day]), † annual weight change categories; Loss (>1.5%); stable (loss or gain of up to 1.50%); 
small gain (>1.5 - 2.50%); moderate/high gain (>2.5%), * very few women had weight loss >1.50% and this was collapsed to stable group.  
DISCUSSION  
We found baseline (mean age 20 years) and pre-pregnancy obesity (on average approximately a 
year before a pregnancy) to be significantly associated with increased GDM risk, after adjustment 
for potential confounders. The association was stronger with the latter as pre-pregnancy obesity is 
the closest measure to the event of pregnancy. While others have shown inconsistencies between 
early adult obesity and latter GDM risk (11), there is a general consensus in the relationships of pre-
pregnancy obesity and GDM risk (6). The inconsistencies might be due to misclassification/ recall 
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biases. Unlike the previous study (11), this study utilized prospectively collected data. Evidence 
(24) indicates that elapsed time and BMI status account for such biases. Consistent with our study, 
Yeung et al (12) found an increased risk of GDM in women who were overweight and obese at the 
age of 18 years, although we did not find an association between baseline overweight and GDM 
risk. To elucidate the above cross-sectional relationships, we further examined the associations of 
the annual weight change and risk of developing GDM. The annual weight gains from early 
adulthood (mean age 20 years) to mean age of 24 years and from mean age of 24-27 years were 
associated with increased risk of GDM. The magnitude of the associations are stronger in the earlier 
weight gains (from mean age of 20-24 years) than the weight gains from mean age of 24-27 years. 
However, much stronger associations are also found between small, moderate/high annual weight 
gains from mean age of 20 years to each study pregnancy and GDM risk. Our novel findings are 
independent of other risk factors of GDM such as age, smoking, alcohol use, physical activity, 
energy intake, parity, and the baseline BMI. This study further confirmed the evidence from earlier 
scarce studies (11, 12).  
We also found that weight loss has no significant effect on the risk of GDM. However, the 
estimates were in the direction that suggested a protective effect. This might be because of the small 
number of women with considerable weight loss, which led us to collapse the categories within the 
weight loss groups. It is also possible that women with small/moderate weight loss may remain 
overweight or obese. This is in agreement with a previous study where a loss of ≥5kg in weight 
since late adolescence was not associated with a reduction in risk of GDM (12).  
Stratified analyses, restricted to women with under/normal BMI range (BMI<25kg/m2) at baseline, 
also showed a similar risk of development of GDM in women with small, moderate/ high weight 
gain groups. However, the relationship between weight change (i.e. from mean age of 24-27 years) 
and the risk of GDM in women who were overweight/obese at baseline did not reach statistical 
significance, possibly because of lack of statistical power. Alternatively, short term weight gain 
may have a minimal impact. Although we are unaware of reports assessing the effect of short-term 
weight gain on the risk of GDM, research has shown that short term weight change has no 
association with the subsequent risk of type 2 diabetes (18). 
Even in women with under/normal range of BMI across all surveys prior to each study pregnancy, a 
small annual weight gain from mean age of 20 years to each study pregnancy was associated with 
higher risk of GDM. Although the previous studies were limited to inter-pregnancy weight change, 
a consistent finding has been reported using large population-based data. In those studies, in women 
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with normal pre-pregnancy BMI for both pregnancies, women with a gain of 3 or more BMI units 
had more than a double risk of GDM in their second pregnancy (14, 15). Together, these findings 
suggest that women who are planning to become pregnant need to stabilize their weight before 
pregnancy. Further, weight gain prevention strategies should be tailored towards preventing early 
adulthood weight gain even in women within under/normal BMI range.  
This finding has important clinical and public health implications as women within a normal BMI 
range are often not targeted for weight management. For instance, for a woman within a normal 
BMI range of body weight 52 kg with an average height of 1.66 m, a 2% annual body weight gain 
over 7 years was associated with an 94% increase in risk of GDM, whereas for the same woman 
and duration a 4% annual body weight gain elevates the risk to nearly threefold as compared to 
women with stable annual body weight (Table 3). Women who continue to gain weight since early 
adulthood may experience a modest insulin resistance progressively, which may be further 
exacerbated by pregnancy, although their BMI is in the normal range. These women might be also 
in the upper extreme of healthy weight category or could even be overweight/obese during their 
pregnancies as there was a time lag between the pre-pregnancy weight report and the actual 
pregnancies. It has also been suggested that BMI is a poor indicator of body fat in women with a 
normal range of BMI, and this might also explain the excessive risk of GDM in women with a 
normal BMI (25). This finding further supports the argument for a causal association of adiposity 
and risk of GDM.  
Utilization of a population-based prospective cohort study is one of the unique strengths of this 
study. Unlike previous studies, this study has reported an adjusted estimate for a range of time 
varying confounders including lifestyle and sociodemographic factors. Despite this, the following 
limitations have to be considered. All data, including weight and GDM, were self-reported. If high 
risk (obese) or low risk (under/normal weight) women differentially reported their GDM status, 
associations could have been biased to either direction. However, self-reported weight has shown to 
be a reliable estimate (26) and a high level of agreement between self-reported physician diagnosed 
GDM and the medical record has been also found in a subpopulation of this cohort (20). 
Associations were adjusted for a variety of risk factors of GDM, but unmeasured factors such as 
family history of GDM or diabetes, ethnicity and gestational weight gain may have introduced 
residual confounding.  
The other limitation of this study is lack of statistical power to fully assess the association between 
weight loss and GDM particularly within BMI groupings. Young women are gaining weight at a 
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steady rate, a phenomenon not only observed in Australia, and as fewer young women are losing 
weight, it is getting more difficult to study the effects of weight loss on risk of GDM (27). Lastly, 
the high attrition rate particularly from S1 to S2 may compromise the generalisability of these 
findings, as non-respondents were considerably different by baseline sociodemographic factors. 
Despite these variations, earlier study in this population have shown that effect estimates are not 
essentially biased due to loss to follow up (28).  
In conclusion, pre-pregnancy weight gain is an important risk factor for the development of GDM 
and weight gain prevention from early adulthood to prior to pregnancy may be the main strategy to 
prevent the incidence of GDM. Clinicians should be aware that even a small weight gain relatively 
over a period of time in normal range of BMI is associated with increased risk of GDM. Further 
prospective research particularly on the effects of the timing and magnitude of pre-pregnancy 
weight loss is clearly warranted. 
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Chapter 5 | Pre-pregnancy weight change and hypertensive disorders of 
pregnancy 
CONTEXT AND OBJECTIVES  
Hypertensive disorders during pregnancy (HDP), the most common medical complications of 
pregnancy, is strongly linked with pre-pregnancy obesity, although underlying mechanisms linking 
them remains largely unknown. As this evidence comes from observational studies of the 
associations of pre-pregnancy body mass index (BMI) and HDP, causality cannot be established, 
and longitudinal studies of the relationships between weight change and the risk of HDP are needed 
to further corroborate the existing evidence. Therefore, using data from the Australian Longitudinal 
Study on Women’s Health (ALSWH), in this chapter we examined whether:  
- baseline (conducted in 1996, mean age of 20 years) and pre-pregnancy BMI were associated 
with HDP (between 2003 and 2012); and 
- changes in adult pre-pregnancy weight (i.e. from average ages of 20 to 24, and 24 to 27 
years as well as from mean age of 20 years to each study pregnancy between 2003 and 
2012) were associated with HDP. 
This chapter includes a paper published in Pediatric and Perinatal Epidemiology: 
Adane AA, Mishra GD, Tooth LR. Adult Pre-pregnancy Weight Change and Risk of 
Developing Hypertensive Disorders in Pregnancy. Paediatric and Perinatal Epidemiology. 
2017;31(3):167-75. 
 
  
The formatting of the original version of the paper has been slightly modified to adapt to the format 
of this thesis, but the text content has not been modified. 
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ABSTRACT  
Background: While the association of pre-pregnancy body mass index (BMI) and hypertensive 
disorders in pregnancy (HDP) is well documented, little is known about the relationship between 
pre-pregnancy weight change and HDP. We examined the impact of adult pre-pregnancy weight 
change on the development of HDP. 
Methods: We included 2914 women, surveyed about every three years since 1996, from the 1973-
78 cohort of the Australian Longitudinal Study on Women’s Health. Women without hypertension 
or HDP were followed-up between 2003 and 2012. Generalized estimating equations were used to 
assess the effect of baseline BMI (mean age 20 years) and pre-pregnancy weight change on the 
incidence of HDP.  
Results: Over 9 years of follow up, 301 incident HDP cases (6.3%) were reported from 4813 
pregnancies. Overweight and obese women at the baseline survey were 1.67 [95% CI: 1.3, 2.2] and 
2.15 [95% CI: 1.4, 3.3] times more likely to develop HDP than normal weight women, respectively. 
Compared with stable weight women, women with small (1.5-2.5%) or moderate/high (>2.5%) 
annual weight gain had elevated risk of HDP (RR: 1.67 95% CI: 1.3, 2.2; RR: 2.31; 95% CI: 1.8, 
3.0, respectively). Women who reported annual weight loss (>1.5%) between baseline and the 
average age of 24 years were 46% [95% CI: 0.4, 0.8] less likely to develop HDP.  
Conclusions: Pre-pregnancy weight gain is associated with an increased risk of HDP, whereas early 
adult weight loss is associated with lower risk of HDP. 
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INTRODUCTION 
Hypertensive disorders in pregnancy (HDP), the most common medical complications of pregnancy 
(1, 2), are associated with higher maternal morbidity and adverse perinatal outcomes (3, 4). To date, 
being overweight (body mass index (BMI) = 25 – 29.9) or obese (BMI ≥ 30) pre-pregnancy are the 
leading avoidable risk factors for the development of HDP. Depending on the type of HDP, the risk 
of development of HDP varies from 1.6 – 2.8 times in overweight and from 2.0 – 5.5 times in obese 
women (5-9) as compared to normal weight women. As these data come from observational studies 
of the associations of pre-pregnancy BMI and HDP, causality cannot be established, and 
longitudinal studies of the relationships between weight change and the risk of HDP are needed to 
further strengthen the existing evidence. 
Although young adult women are at higher risk of weight gain during the reproductive stage of life 
(10, 11), there is a dearth of evidence about the relationships of pre-pregnancy weight change and 
the development of HDP. In only one recent study (12) has weight gain prior to pregnancy been 
linked with an increased risk of pre-eclampsia. This study also suggested that changes in pre-
pregnancy weight over the reproductive stage of life have more important effects than pre-
pregnancy BMI. However, this study collected weight trajectories in a single retrospective interview 
and was limited to a selected clinical population. This finding should be replicated in other study 
populations to provide firmer conclusions. In a number of studies (13-15) inter-pregnancy weight 
gain has also been shown to increase the risk of HDP. However, these studies did not capture 
weight change before the first or after the second pregnancy, thus missing potentially important 
critical periods in women’s reproductive years when weight change may impact the risk of 
development of HDP. 
We therefore examined the associations between pre-pregnancy weight trajectories and 
development of HDP in women in their main reproductive years. Specifically, we examined 
whether 1) baseline (conducted in 1996, mean age of 20 years) and pre-pregnancy BMI were 
associated with HDP (between 2003 and 2012); and 2) changes in adult pre-pregnancy weight (i.e. 
from average ages of 20 to 24, and 24 to 27 years as well as from mean age of 20 years to each 
study pregnancy) were associated with HDP. 
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METHODS 
Participants  
The Australian Longitudinal Study on Women’s Health (ALSWH) is an ongoing large longitudinal 
population-based study examining factors associated with the health and well-being of Australian 
women. Full details on recruitment methods, responses and other details of ALSWH are available 
elsewhere.(16) Briefly, in 1996, three cohorts of women born in 1973-78 (aged 18-23 at baseline), 
1946-51 (aged 45-50 at baseline), and 1921-26 (aged 70-75 at baseline) were randomly selected 
from the national Medicare health insurance database, which includes all Australian citizens and 
permanent residents. ALSWH collects self-reported data using mailed or online surveys for each 
cohort about every three years on a rolling basis. The study was approved by the Human Research 
Ethics Committees at the University of Newcastle and the University of Queensland. Informed 
consent was obtained from all participants at each survey.  
For the current study we used data from the 1973-78 cohort. All women who completed the 
baseline survey (S1) in 1996 (n = 14247) were eligible for this study. Further, as inclusion criteria, 
these women needed to have responded to S2 (2000) and S3 (2003) as well as having given birth at 
least once between S3 and S6 (2012). However, a substantial number of women did not respond to 
S2 or S3 (n = 4606) and another 4618 women did not report the birth of a child between S3 and S6. 
Women who were pregnant at S1 (n = 65), S2 (n = 192) and S3 (n = 456) as well as women who 
gave birth before S3 (n = 1104) were also excluded as a reliable pre-pregnancy weight and dietary 
intake were not available in earlier surveys. Lastly, 2914 women with 4813 pregnancies were 
included in the analyses (Figure 5.1). 
BMI and weight change 
In this study, baseline and pre-pregnancy BMI as well as weight changes (S1-S2, S2-S3 and S1 to 
each study pregnancy) were the primary exposures of interest. Height (reported at the baseline) and 
weight ( reported at baseline and in a survey prior to each study pregnancy) were used to calculate 
the baseline and pre-pregnancy BMI, and were categorised as underweight (<18.5), normal (18.50 – 
24.99), overweight (25.00 – 29.99) and obese (≥ 30) (17) . 
The annual percent weight change was calculated by subtracting self-reported weight at the earlier 
survey from weight at the successive survey and dividing by weight at the earlier survey and the 
number of years between the surveys (S1 and S2 were 4 years apart, S2 and S3 were 3 years apart, 
whereas S1 and study pregnancies were on average 7 [for births between S3 and S4; S1-S3], 10 [for 
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births between S4 and S5; S1-S4], and 13 [for births between S5 and S6; S1-S5] years apart). The 
annual percent weight change was categorized as high (>5%), moderate (>2.5–5%), small (>1.5–
2.5%) loss; stable (loss or gain of up to 1.5%); small (>1.5–2.5%), moderate (>2.5–5%), or high 
(>5%) gain.(18) However, very few women had high or moderate weight loss and these were 
collapsed to a single category representing ‘loss’ (>1.5%). Similarly, to maintain statistical power, 
moderate and high weight gain categories were merged in the analyses.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.1. Flow diagram of sample for the analysis of associations between adult pre-pregnancy 
weight change and risk of development of HDP 
Assessment of HDP 
The diagnosis of HDP was self-reported and was not specific to each type of HDP. In S4, HDP was 
obtained from the following question “In the last 3 years, have you been diagnosed or treated for 
hypertension (high blood pressure) during pregnancy?” In S5 and S6 HDP was obtained for each 
live birth from the following single question: “Were you diagnosed or treated for hypertension (high 
Women who completed S3 (2003, 
n = 9,081) 
Sample for the analyses of associations between adult pre-pregnancy 
weight change and risk of development of HDP (n = 2,914) 
Were pregnant at S1 (n = 65), S2 (n = 192) or S3 (n = 456) 
 
 
Women reporting birth of at least 
one child between S3 (2003) and 
S6 (2012) (n = 4,463) 
 
 
 
Missing data on BMI (n = 285) or HDP (n = 18) 
 
 
 
Missing data on covariates (n = 197) 
 
 
Women who completed S1 (1996, 
n = 14,247) 
Not reporting birth of a child between S3 and S6 (n = 4,596) 
- Have not given birth (n = 3,301)  
- Gave birth only before S3 (n = 1,104) 
- Withdrawn (n = 191) 
Died (n = 22) 
 
 
 
 
Lost to follow up between S1 and S3 (n = 5,166)  
- Non-respondents (n = 4,606)  
- Withdrawn (n = 518) 
- Died (n = 33) 
- Disability (n = 9) 
 
 
 
History of hypertension (n = 214) or HDP (n = 122) 
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blood pressure) during pregnancy?” In a validation study, a high level of agreement (87%) between 
self-reported physician diagnosed HDP and the medical record was found in a subpopulation of this 
cohort (n = 1,914) (19). Incidence of HDP was defined as new cases between S3 (2003) and S6 
(2012). 
Assessment of covariates  
At each survey, data on sociodemographic (area of residence, age, and highest qualification 
completed), reproductive (parity, and multiple birth), and lifestyle factors (smoking, physical 
activity and alcohol use) have been collected. Education level was categorised as 12 years or less, 
trade/apprenticeship/certificate/diploma, and university/higher degree. Smoking was categorised as 
never, ex-smoker, or current smoker. Pre-pregnancy alcohol consumption was categorised 
according to the classifications of the National Health and Medical Research Council of Australia as 
non-drinker, low-risk drinker (≤14 drinks/week), risky drinker (15–28 drinks/ week) or high-risk 
drinker (>28 drinks/week).(20) 
Pre-pregnancy physical activity has been derived from total metabolic equivalent (MET) values 
which have been estimated for many activities; values of 3.5, 4 and 7.5 are assigned for walking, 
moderate activity and vigorous activity respectively and categorised as sedentary/low (<600 MET 
min/week), moderate (600–<1200 MET min/week) or high (≥1200 MET min/week).(21) In 
addition, a total energy intake in kilocalories (kcal/day) was assessed at S3.  
Statistical analysis 
Generalized estimating equation (GEE) analyses, which account for correlations in repeated 
pregnancies of a mother (22), were used to examine the relationships between the exposures and the 
outcome. Five separate GEE models were fitted: baseline, and pre-pregnancy BMI, annual pre-
pregnancy weight changes from S1-S2, S2-S3, and S1 to each study pregnancy were the primary 
exposures of interest while HDP was included in each model as the outcome. Log-binomial models 
were used to estimate risk ratios (RR) and the corresponding 95% confidence intervals (CI).  
The GEE analyses were adjusted for a range of time varying factors: Model 1 adjusted for 
sociodemographic (age, area of residence, highest qualification completed) and reproductive 
(parity, multiple birth) factors; model 2 additionally adjusted for lifestyle factors (smoking status, 
alcohol use, physical activity, total energy intake [kcal/day]), and model 3 further adjusted for 
baseline BMI. 
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In supplemental analyses, weight change models were repeated in women stratified by baseline 
BMI and by BMI status across all surveys prior to each study pregnancy (for both, BMI was 
categorised as under/normal weight; BMI<25kg/m2, overweight/obese; BMI ≥ 25kg/m2). Further 
analyses restricted to nulliparous women were also conducted. All statistical analyses were 
conducted using Stata software version 12 (College Station, TX: Stata Corp LP). A p value of <0.05 
was considered statistically significant and all statistical tests were two sided.  
RESULTS  
Over 9 years of follow up, 301 incident HDP cases (6.3%) were reported from 4813 pregnancies. At 
baseline, the mean age of women was 20.3 ± 1.5 years. Two-thirds of women had 12 years or less 
educational qualification. The majority of women were Australian born (92.5%), and nulliparous 
(97.7%) (Table 5.1). 
Pre-pregnancy weight characteristics  
At baseline about 9.8%, 14.1% and 3.5% of women were underweight, overweight and obese, 
respectively. However, between S3 (2003) and S5 (2009), the proportion of underweight and 
normal weight women dropped substantially, whereas the proportion of obese women increased by 
more than threefold. Women who would develop HDP in subsequent pregnancies were more likely 
to be overweight and obese at baseline and prior to each study pregnancy (measured on average a 
year before pregnancy). 
From S1 to S2, about one in five women (21.1%) showed moderate/high weight gain, while 12.1% 
of women had weight loss. Similarly, from S2 to S3 about a quarter (26.9%) of women showed 
moderate/high weight gain and 13.8% of them lost weight. However, in very few pregnancies 
(1.8%) did women report loss of weight (S1 to each study pregnancy) (Table 5.2). 
In fully adjusted models, women who were overweight and obese at S1 were 1.67 [95%CI: 1.27, 
2.19] and 2.15 [95%CI: 1.40, 3.31] times as likely to develop HDP as compared to that of the 
normal weight women, respectively. As compared to normal weight women, slightly stronger 
associations were observed between pre-pregnancy overweight and obesity and risk of HDP (Table 
5.3). 
This study has also demonstrated a link between moderate/high weight gain from S1 to S2 and later 
risk of HDP. However, the 95% CI spanned null (p = 0.05) during adjustment for baseline BMI 
(model 3). On the other hand, over the same period of time, women who reported loss of body 
weight had 46% [95% CI: 0.35, 0.83] decreased risk of HDP when compared to women with stable 
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weight. We also found an increased risk of HDP, RR: 1.39 [95% CI: 1.08, 1.79], in women who 
gained moderate/high weight from S2-S3, but not with small weight gain, as compared with women 
with stable weight. 
Table 5.1. Baseline (1996, aged 18-23 years) characteristics of study participants  
Characteristics Frequency (%) 
Area of residence   
Urban 1740 (59.7) 
Rural/remote  1174 (40.3) 
Age (years, SD)  20.3 (1.5) 
Highest qualification  
Up to year 12/less  1941 (66.6) 
Trade/apprenticeship/ certificate/diploma 476 (16.3) 
University/higher degree 486 (16.7) 
Country of birth  
Australia 2696 (92.5) 
Overseas  200 (6.9) 
Parity   
Nulliparous 2846 (97.7) 
Parous 68 (2.3) 
Smoking status   
Never smoked 1710 (58.7) 
Ex-smoker 391 (13.4) 
Current smoker 710(24.4) 
Physical activity   
Sedentary/low 1222 (41.9) 
Moderate 792 (27.2) 
High 900 (30.9) 
Alcohol use   
Non-drinker 199 (6.8) 
Rarely drinks  933 (32.0) 
Low risk drinker 1610 (55.3) 
Risky drinker 135 (4.6) 
Baseline BMI   
Underweight 285 (9.8) 
Normal  2117 (72.6) 
Overweight  410 (14.1) 
Obese  102 (3.5) 
Note that some column totals may not add up to 2914 because of missing values [highest qualification, n=11(0.4%); marital status, n =12 (0.4%); 
country of birth, n = 18 (0.6%); smoking status, n =103 (3.5%) and alcohol use, n =37 (1.3%)].  
Our data also indicated stronger risk of development of HDP in women who gained weight (small, 
moderate/high) from S1 to each study pregnancy. Women with small weight gain had 1.67 [95% 
CI: 1.28, 2.19] times the risk of HDP compared with stable weight women, whereas a 
moderate/high pre-pregnancy weight gain elevated the risk to more than twofold [RR: 2.31; 95% 
CI: 1.77, 3.03]. These associations remained after adjustment for baseline BMI and other known 
risk factors (Table 5.3). 
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Table 5.2. Pre-pregnancy weight characteristics in relation to the subsequent HDP status 
Exposures All women (%) 
N = 2914 
HDP in subsequent pregnancy  
No HDP (%)  
N = 4512 
HDP (%) 
N = 301 
P values* 
Pre-pregnancy BMI    <0.001 
Underweight 105 (3.6) 3.6 3.3  
Normal weight 1826 (62.7) 64.3 41.2  
Overweight  660 (22.7) 22.1 34.2  
Obese  323 (11.1) 10.1 21.3  
Annual pre-pregnancy weight change     
S1-S2    0.017 
Loss  352 (12.1) 11.9 7.6  
Stable 1583 (54.3) 56.2 53.5   
Small gain  363 (12.5) 12.1 13.0   
Moderate/high gain  616 (21.1) 19.8 25.9   
S2-S3    0.021 
Loss  402 (13.8) 13.8 13.3  
Stable  1309 (44.9) 45.9 41.5  
Small gain  419 (14.4) 15.3 12.3  
Moderate/high gain 784 (26.9) 25.0 32.9   
S1 to each study pregnancy†     <0.001 
Loss 85 (1.8) 1.8 1.7   
Stable 3312 (68.8) 69.8 53.8  
Small gain  796 (16.5) 16.2 22.3  
Moderate/high gain 620 (12.9) 12.3 22.3  
*P values from χ2 tests comparing pregnancies with and without HDP, †all pregnancies (n = 4813) 
In the analyses stratified by baseline BMI, we found similar associations with some exceptions; 
weight loss (S1-S2) was only statistically significantly associated with lower risk of HDP in 
overweight/obese women; moderate/high weight gain (S2-S3) and small weight gain (S1 to each 
study pregnancy) were no longer significantly associated with greater risk of HDP in 
overweight/obese women. Weight gain in women with an underweight/normal BMI across all 
surveys prior to the study pregnancy had no significant association with the risk of development of 
HDP (Supplemental Table S5.1). We also found similar estimates in analyses limited to nulliparous 
women (data not shown). 
DISCUSSION  
In this population-based prospective cohort study, both baseline and pre-pregnancy overweight and 
obesity, and annual weight gains significantly predicted greater risk of HDP. Annual pre-pregnancy 
weight gains from a mean age of 20 years (1996) to each study pregnancy (between 2003 and 2012) 
were associated with a comparatively higher risk of HDP than weight gains from average ages of 20 
(1996) to 24 (2000) years and 24 to 27 (2003) years. Additionally, women who reported loss of 
body weight from mean ages of 20 to 24 years had a decreased risk of HDP as compared to women 
with stable weight. 
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Table 5.3. Relative risk of HDP according to baseline and pre-pregnancy BMI and weight change 
categories 
  RR (95% CI) 
Exposures of interest  Model 1a Model 2b Model 3c 
Baseline BMI    
Underweight  1.01 [0.68, 1.49] 1.02 [0.69, 1.51]  
Normal weight  1.00 1.00  
Overweight  1.63 [1.25, 2.14] 1.67 [1.27, 2.19]  
Obese  2.13 [1.39, 3.27] 2.15 [1.40, 3.31]  
Pre-pregnancy BMI    
Normal weight * 1.00 1.00  
Overweight  2.23 [1.75, 2.85] 2.25 [1.76, 2.87]  
Obese  2.95 [2.23, 3.90] 3.03 [2.29, 4.00]  
Annual pre-pregnancy weight change     
S1-S2    
Loss (>1.5%/year)  0.66 [0.44, 1.00] 0.64 [0.42, 0.98] 0.54 [0.35, 0.83] 
Stable (loss or gain up to 1.5%/year) 1.00 1.00 1.00 
Small gain (>1.5–2.5%/year) 1.07 [0.77, 1.49] 1.08 [0.78, 1.51] 1.10 [0.79, 1.54] 
Moderate/high gain (>2.5%/year) 1.31 [1.01, 1.69] 1.32 [1.02, 1.70] 1.29 [1.00, 1.66] 
S2-S3    
Loss (>1.5%/year)  1.08 [0.77, 1.51] 1.08 [0.77, 1.51] 1.00 [0.71, 1.40] 
Stable (loss or gain up to 1.5%/year) 1.00 1.00 1.00 
Small gain (>1.5–2.5%/year) 0.93 [0.66, 1.33] 0.93 [0.66, 1.33] 0.92 [0.65, 1.31] 
Moderate/high gain (>2.5%/year) 1.48 [1.15, 1.90] 1.49 [1.16, 1.92] 1.39 [1.08, 1.79] 
S1 to each study pregnancy†    
Stable (loss or gain up to1.5%/year) 1.00 1.00 1.00 
Small gain (>1.5–2.5%/year) 1.69 [1.30, 2.21] 1.70 [1.30, 2.22] 1.67 [1.28, 2.19] 
Moderate/high gain (>2.5%/year) 2.22 [1.70, 2.91] 2.27 [1.73, 2.97] 2.31 [1.77, 3.03] 
aAdjusted for sociodemographic (age, area of residence, highest qualification completed) and reproductive (parity and multiple birth status) factors, b 
additionally adjusted for lifestyle factors (smoking status, alcohol use, physical activity and total energy intake [kcal/day]), c further adjusted for 
baseline BMI, * few women had pre-pregnancy BMI<18.5 and were merged with normal weight women, †very few women had weight loss >1.5% 
and this was collapsed to stable group. 
The associations between pre-pregnancy overweight and obesity and risk of development of HDP 
have been already well documented (5, 7, 9). However, evidence about the impact of early adult 
(18-23 years) BMI on the later risk of HDP is scarce. The finding of this study may suggest that 
early adulthood (18-23 years) adiposity may have a long-term effect on the development of HDP in 
later pregnancies. Alternatively, these women might have continued to be overweight or obese over 
the reproductive stage of life; this is evident from the current study where only a few overweight or 
obese women returned to normal weight prior to the study pregnancy. 
Research in men and non-pregnant women has shown associations between early adult BMI and 
later hypertension risks. For instance, the Johns Hopkins Precursors Study (23) has shown that 
overweight and obesity during young adulthood (mean age of 23 years) were significantly 
associated with the cumulative incidence of hypertension at the age of 65 years. Similarly, 
individuals with hypertension at the age of 29 years have been shown to have higher mean BMI at 
average ages of 17 and 22 years (24). 
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To further clarify the association between pre-pregnancy weight and risk of HDP, we investigated 
the impact of pre-pregnancy weight change on the development of HDP. A dose dependent 
relationship between pre-pregnancy weight gain (from mean age of 20 years to the study 
pregnancy) and HDP risk was observed; women who would develop HDP in subsequent 
pregnancies gained more weight regardless of their baseline BMI than those who did not develop 
HDP. 
Thompson et al. (12), who recorded the pre-pregnancy weight of women at ages 18, 25, 30 and 35 
years, reported a similar mean baseline weight (at the age of 18 years) in women who would 
develop preeclampsia and those who would remain normotensive during pregnancy. However, in 
further analyses they found that those with preeclampsia had a higher rate of weight gain (>3.1 lbs/ 
year) prior to the study pregnancy irrespective of their BMI at 18 years of age. The slight 
discrepancy between this study and the study by Thompson et al. (12) in the associations between 
baseline BMI and later risk of HDP could be due to recall biases; unlike the current study, the 
earlier study relied on recalled weight data. For instance, a woman aged 32 during the study 
pregnancy was expected to recall her weight at ages 18, 25, and 30 years which might introduce 
error.  
While we are unaware of other evidence of the association between pre-pregnancy weight change 
and the risk of HDP, in accordance with our study, inter-pregnancy weight gain - one segment of 
the reproductive stage of life - has also been shown to be associated with increased risk of HDP (13-
15). However, it should be noted that the inter-pregnancy weight gain particularly in a shorter inter-
pregnancy interval (<18 months) may not accurately reflect the biological or lifestyle related weight 
changes (25). Taken together, even though causality cannot be proved with observational studies, 
these analyses together with earlier studies (13-15) assessing the impact of inter-pregnancy weight 
change on risk of development of HDP, support the argument of a causal relationship between pre-
pregnancy adiposity and risk of HDP. 
Our study is not without limitations. All data including weight and HDP were self-reported. If 
women differentially reported their HDP status based on their BMI categories, associations could 
have been biased to either direction. There might also be a misclassification bias - obese women 
may tend to report lower pre-pregnancy weight (26) and hence lower the prevalence of obesity – 
which could underestimate the observed association. However, self-reported weight has been shown 
to be a reliable estimate (27) and a high level of agreement between self-reported physician 
diagnosed HDP and the medical record has been also found in a subpopulation of this cohort (19). 
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As the mechanisms and cause of each subtype of HDP are not yet completely clear the observed 
risk may differ by each subtype of HDP. Using the self-reported data, however, we were unable to 
differentiate gestational hypertension and preeclampsia. The high attrition particularly from S1 to 
S2 may compromise the generalizability of our findings as non-respondents were considerably 
different in sociodemographic factors from responders (28). However, we do not think that the 
nature of relationship would be affected by the loss or high attrition rate as there are no reasons to 
believe that dropouts are related to HDP or weight. As we have made multiple comparisons, the 
observed differences between groups could be attributable to chance, but it is unlikely with strong 
point estimates and associated small p values.  
Despite these limitations this is a population-based prospective cohort study examining the impact 
of adult pre-pregnancy weight change on the risk of HDP. The other strength of this study is that we 
were able to adjust for a range of time varying risk factors including sociodemographic, 
reproductive and lifestyle factors.  
This study has public health importance since obesity in women of reproductive age is continuing to 
be a serious challenge. It also expands the previous literature limited to the inter-pregnancy weight 
change. For the first time in a prospective population-based cohort study we demonstrate that pre-
pregnancy weight gain over the reproductive stage of life is associated with greater risk of HDP. 
For example, if a woman with an average height of 1.66m gains a 2.4% of her body weight yearly 
prior to the study pregnancy, this increases her risk of HDP by 67%, whereas a gain of 4.2% 
elevates the risk to more than twofold as compared to women with stable weight. 
As weight gain is a modifiable risk factor for HDP, women need to avoid excessive weight gain not 
only prior to their pregnancy but also across the reproductive stage of life. In this study weight loss 
particularly from the average ages of 20 to 24 years was shown to significantly lower the risk of 
HDP than stable weight. Therefore, the early adult period (the period between average ages of 20 
and 24 years) creates an important opportunity to further promote weight gain prevention and not 
only reduce the risk of HDP but also risks of future cardiovascular events (24).  
In conclusion, in addition to the impact of the baseline and pre-pregnancy overweight and obesity, 
annual pre-pregnancy weight gain is strongly associated with increased risk of HDP. Whereas 
annual pre-pregnancy weight loss between the average ages of 20 and 24 years is associated with 
lower risk of HDP.  
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SUPPLEMENTAL MATERIAL 
Supplemental Table S5.1. Relative risk of HDP according to weight change categories stratified by 
baseline BMI and BMI across all surveys prior to the study pregnancy  
 RR (95% CI) 
Annual pre-pregnancy weight change Model 1a Model 2b 
Baseline BMI<25kg/m2 (n = 4,028)   
S1-S2   
Loss (>1.5%/year)  0.60 [0.33, 1.07] 0.59 [0.33, 1.05] 
Stable (loss or gain up to 1.5%/year) 1.00 1.00 
Small gain (>1.5–2.5%/year) 1.06 [0.73, 1.55] 1.07 [0.73, 1.56] 
Moderate/high gain (>2.5%/year) 1.30 [0.96, 1.75] 1.31 [0.97, 1.77] 
S2-S3   
Loss (>1.5%/year)  1.16 [0.78, 1.72] 1.16 [0.78, 1.72] 
Stable (loss or gain up to 1.5%/year) 1.00 1.00 
Small gain (>1.5–2.5%/year) 0.89 [0.58, 1.35] 0.88 [0.58, 1.34] 
Moderate/high gain (>2.5%/year) 1.56 [1.16, 2.10] 1.58 [1.17, 2.12] 
S1 to each study pregnancy †   
Stable (loss or gain up to1.5%/year) 1.00 1.00 
Small gain (>1.5–2.5%/year) 1.77 [1.30, 2.41] 1.77 [1.30, 2.41] 
Moderate/high gain (>2.5%/year) 2.18 [1.58, 3.99] 2.23 [1.62, 3.06] 
Baseline BMI ≥ 25kg/m2 (n = 785)   
S1-S2   
Loss (>1.5%/year)  0.53 [0.28, 1.00] 0.51 [0.27, 0.97] 
Stable (loss or gain up to 1.5%/year) 1.00 1.00 
Small gain (>1.5–2.5%/year) 1.17 [0.61, 2.23] 1.10 [0.59, 2.07] 
Moderate/high gain (>2.5%/year) 1.22 [0.75, 1.97] 1.25 [0.77, 2.01] 
S2-S3   
Loss (>1.5%/year)  0.72 [0.37, 1.39] 0.70 [0.37, 1.35] 
Stable (loss or gain up to 1.5%/year) 1.00 1.00 
Small gain (>1.5–2.5%/year) 0.96 [0.51, 1.83] 1.06 [0.56, 1.99] 
Moderate/high gain (>2.5%/year) 1.10 [0.69, 1.76] 1.11 [0.69, 1.78] 
S1 to each study pregnancy †   
Stable (loss or gain up to1.5%/year) 1.00 1.00 
Small gain (>1.5–2.5%/year) 1.41 [0.84, 2.38] 1.35 [0.80, 2.30] 
Moderate/high gain (>2.5%/year) 2.37 [1.45, 3.78] 2.55 [1.58, 4.11] 
BMI<25kg/m2 across all surveys prior to pregnancy (n = 
2,879) 
  
S1-S2   
Loss (>1.5%/year)  0.81 [0.44, 1.48] 0.79 [0.43, 1.46] 
Stable (loss or gain up to 1.5%/year) 1.00 1.00 
Small gain (>1.5–2.5%/year) 0.95 [0.55, 1.64] 0.95 [0.55, 1.65] 
Moderate/high gain (>2.5%/year) 1.04 [0.63, 1.72] 1.06 [0.64, 1.76] 
S2-S3   
Loss (>1.5%/year)  1.16 [0.70, 1.91] 1.19 [0.72, 1.97] 
Stable (loss or gain up to 1.5%/year) 1.00 1.00 
Small gain (>1.5–2.5%/year) 0.75 [0.44, 1.29] 0.73 [0.43, 1.26] 
Moderate/high gain (>2.5%/year) 1.07 [0.67, 1.71] 1.09 [0.68, 1.74] 
S1 to each study pregnancy †   
Stable (loss or gain up to1.5%/year) 1.00 1.00 
Small gain (>1.5–2.5%/year) 1.34 [0.85, 2.14] 1.35 [0.85, 2.15] 
Moderate/high gain (>2.5%/year) 1.14 [0.55, 2.36] 1.19 [0.57, 2.48] 
aAdjusted for sociodemographic (age, area of residence, highest qualification completed) and reproductive (parity and multiple birth status) factors, b 
additionally adjusted for lifestyle factors (smoking status, alcohol use, physical activity and total energy intake [kcal/day], † very few women had 
weight loss >1.5% and this was collapsed to stable group.
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Chapter 6 | Maternal preconception weight trajectories, pregnancy 
complications and offspring childhood development 
CONTEXT AND OBJECTIVES 
Maternal pre-pregnancy obesity, gestational diabetes mellitus (GDM) and hypertensive 
disorders during pregnancy (HDP) are linked with a number of distinct adverse birth 
outcomes. Moreover, as demonstrated in our systematic reviews (Chapter 2), a number of 
studies have also implicated maternal pre-pregnancy obesity with offspring childhood 
cognitive development. In addition to a discrete pre-pregnancy weight, women’s weight at 
different stages of their lives have been suggested to influence their offspring’s childhood 
adiposity, but whether such impact extends to childhood physical and cognitive development 
outcomes remains unknown. Emerging evidence has also suggested a negative association 
between maternal pregnancy complications and offspring’s childhood cognitive development 
although most of these analyses were limited to infants (≤2 years) and did not account for 
maternal pre-pregnancy obesity. The Australian Longitudinal Study on Women’s Health 
(ALSWH), Mothers and their Children’s Health (MatCH) study and linked data collected 
through the Australian Early Development Census (AEDC) provided us a unique opportunity 
to evaluate: 
- the associations between maternal preconception body mass index (BMI) trajectories, 
diabetes and hypertensive disorders during pregnancy and offsprings’ childhood 
physical and cognitive development. 
This chapter includes a paper published in the Journal of Developmental Origins of Health 
and Disease: 
Adane AA, Mishra GD, Tooth LR. Maternal preconception weight trajectories, 
pregnancy complications and offspring childhood physical and cognitive development. 
Journal of Developmental Origins of Health and Disease. 2018; 9(6): 653–60. 
 
 
The formatting of the original version of the paper has been slightly modified to adapt to the 
format of this thesis, but the text content has not been modified.  
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ABSTRACT 
There is limited evidence on the association between maternal preconception body mass 
index (BMI) trajectories and pregnancy complications and child development. This study 
examined the relationships of maternal BMI trajectories, diabetes and hypertensive disorders 
during pregnancy and offspring childhood physical and cognitive development. Data were 
from the Australian Longitudinal Study on Women’s Health and the Mothers and their 
Children’s Health study (n = 771). Women’s preconception BMI trajectories were identified 
using group-based trajectory modelling. Child physical and cognitive development (up to the 
average age of 5 years) were obtained from the Ages and Stages Questionnaire (suspected 
gross motor delay) and the Australian Early Development Census (AEDC). Generalized 
estimating equation models, adjusted for maternal sociodemographic and lifestyle factors, 
were used for analyses. Three distinct BMI trajectories were identified (normative, 
chronically overweight and chronically obese). Children born to chronically obese women 
were more likely to be classified as developmentally vulnerable/at-risk on AEDC domains: 
gross and fine motor skills (RR = 1.64, 95% CI: 1.04, 2.61) and communication skills and 
general knowledge (RR = 1.71, 95% CI: 1.09, 2.68). They also had an elevated risk of 
suspected gross motor delay (RR = 2.62, 95% CI: 1.26, 5.44) compared with children born to 
women with a normative BMI trajectory. Maternal diabetes or hypertensive disorders during 
pregnancy were not associated with child outcomes. Maternal preconception BMI trajectories 
were associated with poorer childhood development. This study finding underscores the 
importance of excessive weight gain prevention throughout the reproductive stage of life. 
Keywords: body mass index, trajectory analysis, pregnancy complications, child 
development 
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INTRODUCTION 
Maternal obesity (obesity prior to or during pregnancy, body mass index (BMI) ≥30), 
gestational diabetes mellitus (GDM) and hypertensive disorders during pregnancy (HDP) are 
linked with a number of distinct adverse birth outcomes (1, 2). In addition, animal and human 
studies (3-5) have demonstrated the increased risk of obesity, cardiovascular disease and type 
2 diabetes in offspring born to women with these conditions. Recent evidence has also 
implicated maternal obesity as a risk factor for impaired childhood cognitive development 
(6). However, evidence is scarce for the association between maternal obesity and childhood 
physical development outcomes (7, 8). 
Moreover, women might have different patterns of weight over their reproductive course of 
life and hence subsequent disease risks to women and to their children may not only be 
influenced by a discrete pre-natal weight, but also by late adolescent and adult weight 
trajectories (9). Limited evidence has shown a link between early life as well as adulthood 
women’s weight trajectories and the risk of having a macrosomic baby(10) and obesity in 
offspring during childhood (11). To date, however, whether pre-pregnancy weight trajectories 
are associated with childhood physical and cognitive development remains unknown. 
A few studies, mainly in infants, have evaluated the association between maternal GDM and 
HDP and childhood development and of the studies that are available findings have been 
inconsistent, mainly because of methodological variations (12, 13). For instance, as compared 
to children of women without GDM, children born to women with GDM have been shown to 
have poorer (14, 15), better (16) or equivalent (17) cognitive and language skills. Intrauterine 
exposure to pre-eclampsia has been also shown to have a negative impact on the motor 
development of adolescents (18), while in infants (≤2years) mixed (19), null (20) or 
contradictory (21) findings have been observed. Because most of these studies were small 
studies, which did not adjust for potential confounders such as pre-pregnancy obesity, authors 
of recent systematic reviews on this topic (12, 13) have called for further research. 
In general, the increase in prevalence of maternal obesity, GDM and HDP (22-24) means an 
increase in the number of children exposed to these maternal conditions during the 
intrauterine environment. As outlined above, however, there is limited evidence evaluating 
the independent effect of both pregnancy complications and maternal pre-pregnancy weight 
characteristics on the child outcomes in the first few years of life. We therefore aimed to 
examine the associations between maternal pre-pregnancy BMI trajectories, diabetes and 
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hypertensive disorders during pregnancy and offsprings’ childhood physical and cognitive 
development. 
METHODS 
Study design and participants  
Data were from the Australian Longitudinal Study on Women’s Health (ALSWH) 1973-78 
cohort and Mothers and their Children’s Health (MatCH) study. Full details of the ALSWH 
are available elsewhere (25) but briefly, in 1996, 14,247 women born in 1973-78 (aged 18-23 
years, Survey 1) were randomly selected from the national health insurance database and 
surveyed about every three years until 2015 (aged 37-42 years, Survey 7).  
MatCH is a sub-study of the ALSWH 1973-78 cohort in which 8,929 women (63% of the 
original 1973-78 cohort) were invited to complete a survey about their children (up to three 
youngest children per woman). The 5,318 women from the 1973-78 cohort who were not 
invited to participate in MatCH were those who had died, withdrawn from ALSWH, asked 
not to be contacted about sub-studies or reported infertility. During the MatCH study, 
conducted in 2016/2017, 3,063 of the 8,929 invited women provided a range of data about 
their children (n=5,822). While these 3,063 women (and their 5,822 children) were the total 
possible sample for the current study, two smaller sub-samples were used due to eligibility 
restrictions for the principal outcome measures. Sub-sample 1 consisted of 771 children (and 
their mothers) who were of an eligible age for the Ages and Stages Questionnaire (ASQ), that 
is, between 1-66 months of age.  Sub-sample 2 were 708 children (and their mothers) who 
were eligible for having data from the Australian Early Development Census (AEDC) (26). 
Full details of the eligibility and exclusion criteria for both these sub-samples are shown in 
supplementary Figures S6.1a and 6.1b, while characteristics of the mothers included in the 
ASQ and AEDC analyses versus those not included are presented in supplementary Tables 
S6.2a and 6.2b. 
The Human Research Ethics Committees at the University of Newcastle and the University 
of Queensland approved both studies. Informed consent was obtained from all participants at 
each survey. 
Maternal exposure assessment   
Diabetes in pregnancy, HDP (including pre-existing hypertension), maternal preconception 
BMI trajectory and pre-pregnancy BMI were the primary exposures of interest. Maternal 
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height reported at Survey 1 (1996) and weight reported at Survey 1, Survey 2 (2000), Survey 
3 (2003), Survey 4 (2006), Survey 5 (2009) and Survey 6 (2012) were used to calculate 
maternal BMI at each survey. Pre-pregnancy BMI was the BMI recorded at the survey 
immediately prior to the survey interval in which the child was born. For example, maternal 
BMI at Survey 5 (for children born between Survey 5 and 6) and maternal BMI at Survey 6 
(for children born between Survey 6 and 7) were considered as pre-pregnancy BMI, 
categorised as normal (BMI<25), overweight (BMI 25.00 – 29.99) and obese (BMI≥ 30). 
The diagnosis of GDM and HDP was self-reported and was not specific to each type of HDP. 
During the last three surveys (Surveys 5 to 7), women were asked whether they were 
diagnosed or treated for GDM and HDP for each live birth. If women did not complete either 
of these surveys or reported (during MatCH study) birth of a child after Survey 7, then these 
children were excluded during analysis since we do not have maternal GDM and HDP data. 
In addition, at each survey, self-reported physician diagnosed pre-existing diabetes (type 1 
and type 2) and hypertension data were collected. Women with GDM were combined with 
women with pre-existing diabetes during the analysis. 
In Australia over the study period, 2003-2015, according to the Australasian Diabetes in 
Pregnancy Society GDM management guidelines (27), a positive screening result for GDM 
should be made when a 1 hour venous plasma glucose level was ≥ 7.8 mmol/l after a 50 g 
glucose load, or ≥ 8.0 mmol/l after a 75 g glucose load. Diagnosis is confirmed with a 75 g 
oral glucose tolerance test (fasting) with a venous plasma glucose level at 0 hour of ≥ 5.6 
mmol/l and/or at 2 hours of ≥ 8.0 mmol/l. Similarly, as reported by the Society of Obstetric 
Medicine of Australia and New Zealand guidelines for the management of HDP (28), each 
type of HDP is diagnosed as follows: chronic hypertension (blood pressure > 140 mmHg 
systolic and/or > 90mmHg diastolic confirmed before pregnancy or before 20 completed 
weeks), gestational hypertension (new onset hypertension (≥140mmHg systolic or ≥90mmHg 
diastolic blood pressure after 20 weeks of gestation)), pre-eclampsia (gestational 
hypertension with proteinuria ≥300mg/24-hours or other maternal organ dysfunction) and 
preeclampsia superimposed on chronic hypertension. However, whether clinicians adhered to 
these guidelines is unknown.  
Child outcome assessment 
Cross-sectional data on child physical and cognitive development outcomes in this paper 
came from two sources: the gross motor and communication aspects of the ASQ were 
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collected during the MatCH study and the AEDC (including gross and fine motor, cognitive 
and language outcomes) was obtained through linking mothers’ survey data to data collected 
through the AEDC as detailed below. 
Gross motor development  
Children’s (1 to 66 months) gross motor development was assessed using the ASQ, a parent-
completed child development screening instrument (29). The ASQ assesses five domains of 
early childhood development (communication, gross and fine motor, problem solving and 
personal-social domains) using 30 questions (6 items per domain), but only the gross motor 
domain was included in this study. Each item in each domain has a choice of three responses: 
‘Yes’, ‘Sometimes’ or ‘Not yet’, scored as 10, 5, or 0, respectively. Then, the sum of items in 
each domain, which ranges from zero to 60, is compared to the cut off values for that age 
group. Children who scored below the cut off values of the gross motor aspects of the ASQ 
were considered to have a suspected gross motor delay (yes, no). The full ASQ was not 
included in the MatCH survey as it alone would have added 630 questionnaire items (21 age 
groups x 5 subscales x 6 questions), and the women were already required to complete a 
number of measures for up to three children (26). Thus, to minimise burden of completing a 
bulky questionnaire, only the gross motor and communication domains of the ASQ were 
included in the MatCH study. The latter was not analysed in this study because of the small 
number of children with a suspected communication delay. 
Gross and fine motor, language and cognitive skills and communication skills and 
general knowledge 
Children’s gross and fine motor, cognitive and language development, and communication 
skills and general knowledge at the median age of 5 years were obtained from linked AEDC 
data. The AEDC uses a validated Australian version of the Canadian Early Development 
Instrument to measure five early childhood development areas: Physical health and 
Wellbeing (including gross and fine motor skills), Social competence, Emotional maturity, 
Language and Cognitive skills and Communication skills and General knowledge, assessed 
by school teachers when children commence their first year of full-time school (30). In this 
study, we reported gross and fine motor skills, language and cognitive skills and 
communication skills and general knowledge. Children with scores in the lowest decile are 
considered “developmentally vulnerable” on that domain; while  scores between 10% and 
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25% are “at-risk”; and those in the top 75% are “on track” (31). During the analysis, the first 
two groups were collapsed to represent “vulnerable/at-risk children”. 
Assessment of covariates and confounders  
Maternal age (years), education (year 12/less, trade/apprenticeship/certificate/diploma, 
university degree and above), area of residence (major city, inner region, outer 
region/remote) (32), parity (nulliparous, primiparous, multiparous), physical activity 
(sedentary/low, moderate, high) (33), smoking (never smoked, ex-smoker and current 
smoker) were reported at each ALSWH survey.  
Statistical analyses 
Chi-square and t-tests were used to compare the distribution of maternal characteristics across 
childhood outcomes of offspring.  
Group-based trajectory modeling 
Proc Traj application (34), an independently designed SAS program, was used to identify 
maternal BMI trajectories before the conception of the index child (child included in the 
analysis). The preconception period was based on the child’s date of birth and the 
preconception BMI trajectories were estimated using five (for children with ASQ outcome) 
or three (for children with AEDC outcomes) data points prior to conception of the index 
child, making full use of all possible data before the conception of the index child. Children 
included in the ASQ assessment were younger (born between Surveys 5 (2009) and 7 (2015)) 
than those in the AEDC (born between Surveys 3 (2003) and 5 (2009)) and therefore had 
different maternal pre-pregnancy BMI data points. For instance, for the AEDC outcomes, for 
children born between Surveys 3 and 4, the preconception BMI trajectories were calculated 
using weight measurements from Surveys 1 to 3 (over 7 years); for children born between 
Surveys 4 and 5, the preconception BMI trajectories were from Surveys 2 to 4 (over 6 years) 
and so on. Whereas for the ASQ gross motor outcome, for children born between Surveys 5 
and 6, the preconception BMI trajectories were calculated using weight measurements from 
Surveys 1 to 5 (over 13 years); for children born between Surveys 6 and 7, the preconception 
BMI trajectories were from Surveys 2 to 6 (over 12 years). As the Proc Traj accommodates 
subjects with missing longitudinal data, women with at least two complete BMI data points 
were included in the trajectory modelling. Model fitness and number of trajectory groups 
were estimated via Bayesian information criteria (BIC). Further, the adequacies of the size of 
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the trajectory groups (≥5%), the meaningfulness of such clusters for subsequent analyses and 
the average posterior probabilities of group membership (>0.7) were considered (35). 
A number of latent class models starting from one class to five class models with varying 
polynomial terms (up to a second degree) were fitted. The BIC value largely decreased from 
one up to five solution models, indicating increasing model fitness. However, the solution 
with three maternal BMI trajectories, named as normative (normal - stable BMI), chronically 
overweight (started overweight - remained overweight) and chronically obese (started obese - 
progressively severely obese) was chosen over the rest of the complex models as the latter 
included unstable group sizes (<5%). For the ASQ outcome, the corresponding group 
membership size was 57.5%, 34.0% and 8.5%, respectively. Whereas for the AEDC 
outcomes, 68.6%, 26.5% and 4.9% of mothers had normative, chronically overweight and 
chronically obese BMI trajectories before conception of the index child, respectively. In both 
cases, for each trajectory group, the average group membership probabilities exceeded 0.90, 
showing a high degree of accuracy of individual assignment to groups. Further details are in 
the supplement Figure S6.2a and 6.2b. 
Generalised estimating equation models  
A series of models based on the methods of generalised estimating equation analyses, which 
account for clustering of children in a family (36), were used to examine the associations 
between maternal exposures and child outcomes. Diabetes in pregnancy, HDP, maternal 
preconception BMI trajectory and pre-pregnancy BMI were the maternal key exposures and 
gross motor, and gross and fine motor skills, language and cognitive skills and 
communication skills and general knowledge were the main child outcomes. Log-binomial 
and log-Poisson (used if the former failed to converge) models were used to estimate risk 
ratios (RR) and 95% confidence intervals (CI) (37). 
All models were adjusted for maternal age, area of residence, parity, education, smoking and 
physical activity reported at the survey immediately prior to the survey interval in which the 
child was born. Diabetes in pregnancy, and HDP models were further adjusted for maternal 
pre-pregnancy BMI. Analyses were performed using SAS version 9.4 (SAS Institute Inc., 
Cary, NC, USA) and STATA version 14 (StataCorp, College Station, TX, USA). 
Sensitivity analyses restricted to women with at least three complete BMI data points and 
women who were not pregnant at the first three surveys of the ALSWH were performed to 
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check consistency and robustness of the results of the main analyses, specifically the 
associations between maternal preconception BMI trajectories and child outcomes. 
RESULTS  
Table 6.1 presents the maternal characteristics by suspected gross motor delay (ASQ) or 
developmental vulnerability status on AEDC domains. A total of 771 children were included 
for the ASQ outcome of which 46 (6.0%) had suspected gross motor delay. Approximately 
8% and 11% of women reported having physician diagnosed diabetes during pregnancy and 
HDP, respectively. One quarter (25.4%) and nearly one in six (15.6%) mothers of children 
were overweight and obese pre-pregnancy, respectively. Except maternal pre-pregnancy BMI 
and BMI trajectories, all maternal factors were not significantly associated with the suspected 
gross motor delay (p >0.05). Children with suspected gross motor delay were more likely to 
be born to obese or chronically obese women (p <0.01).  
For the AEDC outcomes, 708 children were included: 177 (25.0%), 165 (23.3%) and 171 
(24.2%) were classified as developmentally vulnerable/at-risk on the AEDC gross and fine 
motor skills, language and cognitive development and communication skills and general 
knowledge, respectively. While maternal education was significantly associated with all the 
AEDC outcomes, maternal preconception BMI trajectory was significantly associated with 
the AEDC gross and fine motor, and communication and general knowledge outcomes. 
Maternal pre-pregnancy BMI and parity were also significantly associated with the AEDC 
gross and fine motor, and communication and general knowledge outcomes, respectively. 
Table 6.2 shows individual associations between diabetes in pregnancy, HDP, maternal pre-
pregnancy BMI trajectories and pre-pregnancy BMI and childhood outcomes. In a fully 
adjusted model, children born to chronically obese women were significantly more likely to 
be classified as developmentally vulnerable/at-risk on gross and fine motor skills (RR = 1.64, 
95% CI:  1.04, 2.61) than children born to women with a normative BMI trajectory. 
Similarly, children of chronically obese mothers were more likely to be classified as 
developmentally vulnerable/at-risk on communication skills and general knowledge, but not 
language and cognitive development. Table 6.3 shows similar associations between maternal 
diabetes in pregnancy, HDP, maternal pre-pregnancy BMI trajectories and pre-pregnancy 
BMI, and offsprings’ childhood gross motor skill as measured by the ASQ. Children born to 
chronically obese women had more than twice the risk of suspected gross motor delay than 
children born to women with a normative BMI trajectory (RR = 2.62, 95% CI: 1.26, 5.44). 
Chapter 6 | 136 
 
 
 
Table 6.1. Maternal characteristics by suspected gross motor delay (ASQ) or developmental vulnerability status on AEDC domains 
 Developmental delay status 
on ASQ domains (N=771) 
  
Developmental vulnerability status on AEDC domains (N=708) a 
 Gross motor skills  Gross and fine motor skills Language and cognitive 
skills 
Communication skills and 
general knowledge 
 No (n=725) Yes (n=46)  No (n=531) Yes (n=177) No (n=543) Yes (n=165) No (n=537) Yes (n=171) 
Maternal characteristics          
Age (years), mean (SD)  34.6 (2.0) 34.6 (1.8)   30.7 (2.4)  30.6 (2.5)  30.9 (2.3)  30.0 (2.5)  30.7 (2.4)  30.5 (2.4) 
Education           
Year 12/less 65 (90.3)       7 (9.7)         72 (71.3) 29 (28.7) 65 (64.4) 36 (35.6) 71 (70.3) 30 (29.7) 
Trade/apprentice/certificate/diploma 122 (95.3)      6 (4.7)         99 (72.3) 38 (27.7) 99 (72.3) 38 (27.7) 99 (72.3) 38 (27.7) 
University degree and above 538 (94.2) 33 (5.8)  360 (76.6) 110 (23.4) 379 (80.6) 91 (19.4) 367 (78.1) 103 (21.9) 
Area of residence           
Major city  507 (93.9) 33 (6.1)   313 (75.6) 101 (24.4)  323 (78.0) 91 (22.0) 324 (78.3) 90 (21.7) 
Inner region 129 (94.2) 8 (5.8)  132 (71.0) 54 (29.0) 145 (78.0) 41 (22.0) 129 (69.4) 57 (30.7) 
Outer region/remote 89 (94.7) 5 (5.3)  86 (79.6) 22 (20.4)  75 (69.4) 33 (30.6) 84 (77.8) 24 (22.2) 
Parity           
Nulliparous  305 (93.0) 23 (7.0)  242 (72.9) 90 (27.1) 265 (79.8) 67 (20.2) 251 (75.6) 81 (24.4) 
Primiparous  255 (94.4) 15 (5.6)  199 (75.4) 65 (24.6) 202 (76.5) 62 (23.5) 202 (76.5) 62 (23.5) 
Multiparous  165 (95.4) 8 (4.6)  90 (80.4) 22 (19.6) 76 (67.9) 36 (32.1) 84 (75.0) 28 (25.0) 
Smoking           
Never smoked 475 (94.3)  29 (5.8)      364 (74.0) 128 (26.0) 384 (78.1) 108 (22.0) 373 (75.8) 119 (24.2)  
Ex-smoker 212 (94.2)      13 (5.8)        132 (77.7) 38 (22.4) 128 (75.3) 42 (24.7) 131 (77.1) 39 (22.9)  
Current smoker 38 (90.5) 4 (9.5)  35 (76.1) 11 (23.9) 31 (67.4) 15 (32.6) 33 (71.7) 13 (28.3) 
Physical activity           
Sedentary/low 364 (91.9)       32 (8.1)         288 (72.9) 107 (27.1) 305 (77.2) 90 (22.8) 295 (74.7) 100 (25.3) 
Moderate 178 (97.3)      5 (2.7)       129 (81.1) 30 (18.9)  123 (77.4) 36 (22.6) 126 (79.3) 33 (20.8) 
High 183 (95.3) 9 (4.7)  114 (74.0) 40 (26.0) 115 (74.7) 39 (25.3) 116 (75.3) 38 (24.7) 
Pre-pregnancy BMI           
Normal  436 (95.8) 19 (4.2)  362 (76.7) 110 (23.3) 371 (78.6) 101 (21.4) 366 (77.5) 106 (22.5) 
Overweight  181 (92.4) 15 (7.7)  123 (76.9) 37 (23.1) 121 (75.6) 39 (24.4) 120 (75.0) 40 (25.0) 
Obese  108 (90.0) 12 (10.0)  46 (60.5) 30 (39.5) 51 (67.1) 25 (32.9) 51 (67.1) 25 (32.9) 
Pre-pregnancy BMI trajectory           
Normative 421 (95.0) 22 (5.0)  371 (75.9) 118 (24.1) 382 (78.1) 107 (21.9) 375 (76.7) 114 (23.3) 
Chronically overweight 246 (94.6) 14 (5.4)  143 (75.7) 46 (24.3) 141 (74.6) 48 (25.4) 146 (77.3) 43 (22.8) 
Chronically obese 58 (85.3) 10 (14.7)  17 (56.7) 13 (43.3) 20 (66.7) 10 (33.3) 16 (53.3) 14 (46.7) 
Diabetes in pregnancy          
No 671 (94.5) 39 (5.5)  504 (75.3) 165 (24.7) 517 (77.3) 152 (22.7) 511 (76.4) 158 (23.6) 
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Yes 54 (88.5) 7 (11.5)  27 (79.2) 12 (30.8)  26 (66.7) 13 (33.3) 26 (66.8) 13 (33.3) 
HDP          
No 643 (94.1) 40 (5.9)  477 (75.1) 158 (24.9) 486 (76.5) 149 (23.5) 481 (75.8) 154 (24.3)  
Yes 82 (93.2) 6 (6.8)  54 (74.0) 19 (26.0) 57 (78.1) 16 (21.9) 56 (76.7) 17 (23.3) 
Abbreviations, AEDC: Australian Early Development Census, ASQ: Ages and Stages Questionnaire, BMI: body mass index, HDP: hypertensive disorder of pregnancy, SD: standard deviation. Unless indicated values 
are n (row %), adevelopmentally vulnerable group includes children at-risk on AEDC domains (whose score lies between 10% and 25%) 
Table 6.2. Associations between maternal pre-pregnancy BMI trajectories and pregnancy complications and risk of being classified as 
developmentally vulnerable/at-risk on the AEDC (Relative risk (RR) and 95% Confidence interval (CI)) (N=708) 
 Gross and fine motor skills Language & cognitive skills Communication skills & general knowledge 
 Unadjusted Adjusted Unadjusted Adjusted Unadjusted Adjusted 
 RR 95% CI RR 95% CI RR 95% CI RR 95% CI RR 95% CI RR 95% CI 
Maternal characteristics*             
Diabetes in pregnancy             
No 1.00   1.00    1.00  1.00  1.00  1.00  
Yes 1.25 0.70, 2.24 1.22  0.67, 2.24 1.48  0.84, 2.60 1.64 0.92, 2.95 1.39  0.87, 2.23 1.41  0.87, 2.28 
HDP             
No 1.00  1.00  1.00  1.00  1.00  1.00  
Yes 1.06 0.65, 1.70 0.88 0.54, 1.44 0.94  0.56, 1.58 0.92 0.54, 1.57 0.97 0.63, 1.51 0.88  0.56, 1.35 
Pre-pregnancy BMI trajectory              
Normative 1.00  1.00  1.00  1.00  1.00  1.00  
Chronically overweight 1.02 0.76, 1.37 1.02   0.76, 1.37 1.15 0.86, 1.56 1.13 0.80, 1.61 0.98  0.72, 1.34 0.98  0.71, 1.33 
Chronically obese 1.80 1.15, 2.82 1.64   1.04, 2.61 1.52 0.89, 2.62 1.34 0.69, 2.62 1.94 1.26, 2.99 1.71 1.09, 2.68 
Pre-pregnancy BMI               
Normal  1.00  1.00  1.00  1.00  1.00  1.00  
Overweight  1.01 0.73, 1.40 1.00  0.72, 1.39 1.13 0.82, 1.57 1.12 0.77, 1.62 1.12  0.82, 1.54 1.09  0.71, 1.33 
Obese  1.72 1.24, 2.38 1.64   1.19, 2.28 1.53 1.06, 2.21 1.50 0.96, 2.36 1.44 0.99, 2.09 1.38 0.95, 2.00 
Abbreviations, AEDC: Australian Early Development Census, BMI: body mass index, HDP: hypertensive disorder of pregnancy.  Models were adjusted for maternal age, area of residence, parity, education, smoking 
and physical activity reported at the survey immediately prior to the survey interval in which the child was born, *maternal diabetes in pregnancy and HDP models were further adjusted for maternal pre-pregnancy 
BMI
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We also examined a single measure of maternal pre-pregnancy BMI and child outcomes and the 
results were similar to the maternal BMI trajectory analyses with some exceptions: the pre-
pregnancy obesity effect size for the suspected gross motor delay were smaller than that of the 
chronically obese BMI trajectory and the association of maternal pre-pregnancy obesity and 
childhood communication skills and general knowledge did not reach statistical significance. 
Table 6.3. Associations between maternal pre-pregnancy BMI trajectories and pregnancy 
complications and risk of suspected gross motor delay on the ASQ (relative risk (RR) and 95% 
confidence interval (CI)) (N=771) 
 Unadjusted  Adjusted 
 RR 95% CI  RR 95% CI 
Maternal characteristics*      
Diabetes in pregnancy       
No 1.00    1.00    
Yes 2.08 0.97, 4.47  1.61  0.74, 3.51 
HDP      
No 1.00   1.00  
Yes 1.17 0.51, 2.69  0.89 0.37, 2.13 
Pre-pregnancy BMI trajectory       
Normative 1.00   1.00  
Chronically overweight 1.08 0.56, 2.10  1.15   0.59, 2.24 
Chronically obese 2.94 1.44, 6.00  2.62   1.26, 5.44 
Pre-pregnancy BMI        
Normal  1.00   1.00  
Overweight  1.89 0.97, 3.66  2.02  1.05, 3.91 
Obese  2.36 1.16, 4.81  2.17 1.04, 4.51 
Abbreviations, ASQ: Ages and Stages Questionnaire, BMI: body mass index, HDP: hypertensive disorder of pregnancy. Models were adjusted for 
maternal age, area of residence, parity, education, smoking and physical activity reported at the survey immediately prior to the survey interval in 
which the child was born, *maternal diabetes in pregnancy and hypertensive disorder of pregnancy models were further adjusted for maternal pre-
pregnancy BMI 
Children born to women with diabetes in pregnancy were at slightly greater risk of developmental 
delay, particularly gross motor, and language and cognitive skills, as compared to children born to 
women with no diabetes, although the 95% CI spanned the null value. HDP was not significantly 
associated with any of these child outcomes. 
Results of the sensitivity analyses restricted to women with at least three complete BMI data points 
and women who were not pregnant at the first three surveys of the ALSWH were similar to the 
main analyses of maternal preconception BMI trajectory and child outcomes (Supplemental Table 
S6.1a and 6.1b). 
DISCUSSION 
Using a population-based cohort study of Australian women and their children, we have found that 
maternal BMI trajectories before conception have significant impact on offspring’s childhood 
physical and cognitive development. Children born to women who had chronically obese BMI 
trajectory before conception were at higher risk of being classified as vulnerable or at-risk on the 
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AEDC gross and fine motor skills, and communication skills and general knowledge domains. In 
addition, children born to women who showed a chronically obese BMI trajectory prior to 
pregnancy were at increased risk of suspected gross motor delay as measured by the ASQ when 
compared to children born to women with a normative BMI trajectory. However, our findings did 
not support the associations between maternal diabetes in pregnancy or HDP and any of these 
childhood outcomes. 
The finding between maternal pre-pregnancy BMI trajectories and childhood physical and cognitive 
outcomes is in accordance with the general body of knowledge about maternal pre-pregnancy 
obesity and child development (7) and it adds to that knowledge in a number of ways; maternal 
excessive body weight over the reproductive course of life and/ or being obese for a long duration 
may have an important cumulative impact on offspring’s childhood development. For instance, 
unlike the maternal pre-pregnancy BMI, maternal pre-pregnancy BMI trajectories were 
significantly associated with childhood communication skills and general knowledge in offspring. 
However, to our knowledge, the previous studies (7) in the association between maternal pre-
pregnancy obesity and offsprings’ physical and cognitive development were limited to one time 
point measure of maternal weight; thus leaving our study without comparison. Although not yet 
fully understood, the elevated level of nutrients and hormones and inflammatory factors associated 
with obesity have been frequently hypothesized as potential mechanisms linking maternal obesity 
with child neurodevelopment (38). For instance, during development, placental transfer of increased 
level of inflammatory factors such as cytokines have been suggested to impact the normal fetal 
brain development (39).  
We found no significant association between maternal diabetes in pregnancy or HDP and childhood 
physical and cognitive development of offspring. The existing evidence has also not shown a 
consistent picture about this possible link (12, 13), perhaps due to variations in the child outcomes 
measured or confounders adjusted for during analysis. For instance, a few previous studies have 
suggested that children born to diabetic or hypertensive mothers during pregnancy were more likely 
to have poorer physical (18, 19) or cognitive development (14, 40, 41), However, unlike the current 
study, most of these studies did not adjust for key confounders such as maternal pre-pregnancy 
obesity, and therefore negative associations between maternal diabetes in pregnancy or HDP and 
childhood outocmes might have been due to such confounders or the effect might have been limited 
to younger infants (42). 
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Conversely, our study might have been underpowered to detect differences in physical and 
cognitive outcomes, if any, particularly between children born to women with diabetes in pregnancy 
and children born to women without diabetes. However, in line with the current analysis, a recent 
study (43) has found no association between maternal GDM and children’s cognitive and motor 
development at 4 years. Sufficiently powered prospective studies with detailed measures of child 
outcomes are needed to reach a definitive conclusion. 
The most obvious limitation of this study is that all the data were self-reported. Obese women may 
underestimate their weight and they might have been categorized into chronically overweight or 
even to a normative trajectory group. Thus, this may decrease the effect of maternal weight 
trajectories, but self-reported weight has been demonstrated to be a reliable estimate (44). Women 
could have also been misclassified if they did not correctly report their diabetes and HDP status. 
However, the reliability of the self-reported physician diagnosed GDM and HDP in our study 
population has shown high agreement with the medical records (45). The lower response rate for the 
MatCH study as well as the lower proportion of women included in this paper may bias and 
compromise the generalisability of the results since mothers who are included in this study were 
considerably different from those who did not. For instance, based on the most recent ALSWH 
survey the mothers completed, mothers who participated in this study were more likely to live in 
major cities (67.9% vs. 57.8%), to have a university degree (73.8% vs. 59.8%), to have three live 
births (31.3 % vs. 20.7%) and less likely to be current smoker (8.4% vs. 4.9%) as compared to 
women not included (Supplemental Table S6.2a and 6.2b). We also acknowledge the lack of data 
on gestational weight gain that has been found to be associated with child outcomes (46). The other 
limitation of this study is the lack of statistical power to separately assess the effect of pre-existing 
and gestational diabetes. Offspring of mothers with GDM might be at higher risk of developmental 
impairment than offspring of pre-existing diabetic mothers; the latter are more likely to have 
entered pregnancy with better controlled glucose levels following counselling and monitoring. 
Despite these limitations, our study has a number of strengths. To our knowledge, this is the first 
population-based prospective cohort study to evaluate the associations between maternal pre-
pregnancy BMI trajectories, diabetes in pregnancy and HDP and various offspring childhood 
outcomes. The longitudinal nature of the data and the group-based trajectory modeling provided us 
a unique opportunity to identify maternal BMI trajectories over relatively longer duration and to 
link this information to offspring’s physical and cognitive development. Unlike the previous 
studies, we were also able to adjust for time varying lifestyle factors such as maternal pre-
pregnancy BMI, smoking and physical activity. 
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This study has public health implications. Women, who are chronically obese for a period of 6 to 13 
years before they conceive, have children at higher risk of developmental delay. Although largely 
similar effects were observed for a one point in time measure (pre-pregnancy obesity), use of a 
preconception BMI trajectory provides more opportunity for women to manage their weight before 
entering pregnancy: it expands the typical preconception period, usually the three months prior to 
pregnancy, which is too late a time point for women to lose a considerable amount of weight to 
reach a normal BMI (47). Therefore, during this period (6 to 13 years before conception) obese 
women should be encouraged to lose weight in order to minimise the impact of obesity to the 
women’s and their children’s health.  
Although this study did not evaluate public health interventions, we can speculate on interventions 
that may be appropriate for women and their children. Dietary interventions combined with physical 
activity have been shown to be effective to lose weight (48). Early childhood motor skills are 
fundamental for children to fully explore and learn their environment and have impact on later 
cognitive abilities (49). Hence, children at risk of development delay may benefit from 
interventions (29) targeted in early childhood – the period in development where environmental 
factors have important impact. A stimulating home environment such as play activities/materials 
may help children to catch up in motor development (50, 51). Moreover, children with motor delay 
have been found to be less physically active and are therefore at higher risk of obesity (52). This 
may contribute to the burden of obesity and thereby perpetuate the vicious cycle of maternal obesity 
in future generations.  
In summary, the results of this study suggest that maternal pre-pregnancy BMI trajectories before 
conception have significant impact on offspring’s early childhood physical and cognitive 
development. While we did not find significant association between maternal HDP and offspring 
childhood outcomes, lack of statistical power precluded us from reaching a firm conclusion about 
this association with diabetes in pregnancy. Further sufficiently powered studies are clearly 
warranted. 
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SUPPLEMENTARY MATERIAL 
Supplement 1 – study participant flow chart for sub-samples 1 and 2 
During the MatCH survey (conducted in 2016/2017), 3,063 women provided data about their 
children (n = 5,822).  
Sub-sample 1 consisted of children (and their mothers) who were of an eligible age for the Ages 
and Stages Questionnaire (ASQ), that is between 1-66 months of age. The flow chart shows that of 
the 5,822 children (3,063 mothers) who participated in MatCH, 1,266 fulfilled the age criteria for 
the ASQ. Of these, 771 children (652 mothers) had complete data on the gross motor scale. The 
remaining 495 children had either missing ASQ data or missing data about their mothers 
(Supplemental Figure S6.1a).  
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Abbreviations; ASQ: Ages and Stages Questionnaire; ALSWH: Australian Longitudinal Study on Women’s Health, MatCH: Mothers and their 
Children’s Health 
aOf 5,756 women who did not participate, 2,551 had not reported any eligible births during the seventh survey of ALSWH in 2015 (when aged 37-42 
years) so may have been ineligible. 
b24 women did not do the survey, but they have agreed to external data linkage for 43 children 
c The ASQ measure is applicable only for children between 1 and 66 months 
Supplemental Figure S6.1a. Study participant flow chart for children included in the ASQ (gross 
motor) analyses  
  
Women invited for MatCH 
study (n=8,929) 
Responded to MatCH study 
(3,063 women with 5,822 
children)b 
Eligible children for ASQ 
(n=1,266, from 978 
women) 
Children with complete 
gross motor data (n=1,131, 
from 872 women) 
Children included in the 
ASQ (gross motor) 
analyses (N=771 from 652 
women) 
 
Found to be ineligible (n=110);  
- Had no children (n=108) 
- Died (n=2) 
Did not participate (n=5,756)a 
 
Not eligible for ASQ (n=4,513 
children from 2061 women)c 
Missing or incomplete gross 
motor data (n=135 children 
from 106 women) 
 
360 children from 220 women 
were excluded; 
- Women did not complete the 
ALSWH survey prior to the 
birth of index child or were 
born after Survey 7 (n=243) 
- Missing women’s BMI at 2 
or more surveys (n=2)  
- Multiple pregnancies (n=29) 
- Missing covariates (n=86) 
- Agreed to data linkage only 
(n=43 children from 24 
women) 
 
14,247 women born in 1973-
78 participated in baseline 
ALSWH survey in 1996 
Not eligible for MatCH survey 
(n=5,318) due to; died 
(n=108), withdrew from 
ALSWH (n=1,549), declined 
to participate in sub-studies 
(n=105), infertility (n=255), no 
email or mail address 
(n=3,301) 
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Sub-sample 2 consisted of children (and their mothers) who had linked data from the AEDC. The 
flow chart shows that of the 5,822 children (3,063 mothers) who participated in MatCH, 943 had 
linked AEDC data (Note that while the AEDC is conducted the year a child starts school but is not 
collected every year. The AECD collection years that corresponded to the MatCH children were 
2009, 2012 and 2015; note also that each mother needed to consent to the researchers linking their 
child’s MatCH survey data to the linked to AEDC data). Of the 943 children with linked AEDC 
data, 708 (630 mothers) had complete AEDC data. The remaining 235 children had either missing 
AEDC data or missing data about their mothers (Supplemental Figure S6.1b).   
Note, for both the ASQ and AEDC sub-samples, children from multiple pregnancies were excluded 
as they are considerably different from singletons in many aspects of health. 
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Abbreviations; AEDC: Australian Early Development Census; ALSWH: Australian Longitudinal Study on Women’s Health, MatCH: Mothers and 
their Children’s Health  
aOf 5,756 women who did not participate, 2,551 had never reported any eligible births in any ALSWH surveys so may have been ineligible. 
b24 women did not do the survey, but they have agreed to external data linkage for 43 children with their ALSWH data 
cBirth year 2003, 2006 or 2009 (most children born in 2003 were aged over 12 years at time of survey and thus ineligible) 
Supplemental Figure S6.1b. Study participant flow chart for children included in the AEDC domain 
analyses 
Supplement 2 – maternal preconception BMI trajectories according to child development 
outcomes  
Two separate samples of children with different ages during assessment were used and so two 
separate trajectory models were needed to calculate the maternal BMI trajectories before conception 
of the index child.  
14,247 women born in 1973-
78 participated in baseline 
ALSWH survey in 1996 
Not eligible for MatCH survey 
(n=5,318) due to; died 
(n=108), withdrew from 
ALSWH (n=1,549), declined 
to participate in sub-studies 
(n=105), infertility (n=255), no 
email or mail address 
(n=3,301) 
Women invited for MatCH 
study (n=8,929) 
Responded to MatCH study 
(3,063 women with 5,823 
children)b 
 
Found to be ineligible (n=110):  
- Had no eligible children 
(n=108) 
- Died (n=2) 
Did not participate (n=5,756)a 
 
 
Women agreed to external 
data linkage (n=2253 for 
4282 children) 
- Women did not agree to 
external data linkage (n=358 
for 650 children) 
- Did not complete the consent 
form (n=440 for 866 
children)  
- Omitted essential consent 
form information (n=12 for 
25 children) 
 
Children with linked 
AEDC data (n=943 from 
807 women) 
 
Children had no AEDC data 
(n=3339):   
- Unlikely to have started 
school in an AEDC 
collection yearc (n=3059) 
- May have started school in 
an AEDC collection year but 
no matching AEDC record 
(n=280) 
 
Children included in the 
AEDC analyses (N=708 
from 630 women) 
235 children from 177 women 
excluded;  
- Mothers did not complete the 
ALSWH survey prior to the 
birth of index child (n=85) 
- Missing mothers’ BMI at 2 
or 3 surveys (n=26)  
- Multiple pregnancies (n=44) 
- Missing child outcome data 
(n=25) 
- Missing covariates (n=55) 
-  
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Maternal preconception BMI trajectories for the physical development (gross motor) domain 
of the Ages and Stages Questionnaire (ASQ) 
Supplemental Figure S6.2a shows maternal BMI trajectories over 13 years prior to the conception 
of included children. The preconception BMI trajectories were estimated using five data points prior 
to conception of the index child. We found three distinct subgroups of women based on their BMI 
trajectories: named as normative (normal - stable BMI), chronically overweight (started overweight 
- remained overweight) and chronically obese (started obese - progressively severely obese). The 
average posterior probability for each trajectory was 0.96, 0.94 and 0.99, showing a high degree of 
accuracy of individual assignment to groups. 
Nearly 95% of women with a normative BMI trajectory had a normal or underweight range of BMI 
in the survey prior to pregnancy. Approximately two-thirds (63.0%) and 22.6% of women with a 
chronically overweight BMI trajectory were overweight and obese in the survey prior to pregnancy, 
respectively. All women with a chronically obese BMI trajectory were overweight or obese in the 
survey prior to pregnancy. 
 
Note broken lines show 95% CI. 
Supplemental Figure S6.2a. Maternal BMI trajectories prior to the conception of included children 
(for ASQ child outcome, we used 5 maternal data points - making full use of all possible data 
before the conception of the index child) 
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Maternal preconception BMI trajectories for the physical and cognitive development domains 
of the Australian Early Development Census (AEDC) 
We replicated the above analysis using linked data from the Australian Early Development Census 
(AEDC). Maternal BMI trajectories were calculated in a similar way to the ASQ child outcome, but 
at this time using three maternal BMI data points prior to conception because of the survey design: 
children eligible for the AEDC were born between Surveys 3 and 5.  About 68.6%, 26.5% and 4.9% 
of mothers had normative, chronically overweight and chronically obese BMI trajectories before 
conception of the index child, respectively. The average group membership probability for each 
trajectory was 0.97, 0.93 and 0.95 (Supplemental Figure S6.2b). 
 
Note broken lines show 95% CI. 
Supplemental Figure S6.2b. Maternal BMI trajectories prior to the conception of included children 
(for AEDC child outcomes, we used 3 maternal data points because of the survey design) 
Supplement 3 – Sensitivity analyses restricted to women with at least three complete BMI 
data points and women who were not pregnant at the first three surveys of the ALSWH
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Supplemental Table S6.1a. Associations between maternal pre-pregnancy BMI trajectories and risk of being classified as developmentally 
vulnerable/at-risk on the AEDC (Relative risk (RR) and 95% Confidence interval (CI)) (N=606) 
 Gross and fine motor skills Language & cognitive skills Communication skills & general knowledge 
 Unadjusted Adjusted Unadjusted Adjusted Unadjusted Adjusted 
 RR 95% CI RR 95% CI RR 95% CI RR 95% CI RR 95% CI RR 95% CI 
Pre-pregnancy BMI trajectory              
Normative 1.00  1.00  1.00  1.00  1.00  1.00  
Chronically overweight 1.27 0.93, 1.72 1.26 0.93, 1.71 1.10 0.77, 1.56 1.08 0.72, 1.63 1.07 0.76, 1.50 1.06 0.75, 1.49 
Chronically obese 2.00 1.27, 3.17 1.88 1.17, 3.01 1.91 1.13, 3.23 1.79 0.91, 3.50 2.38 1.57, 3.59 2.24 1.47, 3.40 
Models were adjusted for maternal age, area of residence, parity, education, smoking and physical activity reported at the survey immediately prior to the survey interval in which the child was born
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Supplemental Table S6.1b. Associations between maternal pre-pregnancy BMI trajectories and risk 
of suspected gross motor delay on the ASQ (relative risk (RR) and 95% confidence interval (CI)) 
(N=735)  
 Unadjusted Adjusted 
 RR 95% CI RR 95% CI 
Pre-pregnancy BMI trajectory      
Normative 1.00  1.00  
Chronically overweight 1.01 0.51, 1.98 1.08   0.55, 2.13 
Chronically obese 2.89 1.41, 5.89 2.51  1.21, 5.21 
Models were adjusted for maternal age, area of residence, parity, education, smoking and physical activity reported at the survey immediately prior 
to the survey interval in which the child was born. 
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Supplement 4 – Comparisons of characteristics of mothers included in the ASQ and AEDC 
analyses and mothers not included 
Supplemental Table S6.2a. Characteristics of mothers included in the ASQ analyses and all mothers 
participated in the MatCH survey (data are from the most recent ALSWH survey the women 
completed). 
 Mothers not included 
the ASQ analyses 
(n=2,387)  
Mothers included 
the ASQ analyses 
(n=652) 
p value for group 
difference   
Age (mean, SD) 36.0 (2.1) 38.7 (1.5) <0.001 
Education     
Year 12 or less 15.1 8.4 <0.001 
Trade/ Apprenticeship/Cert/Dip 25.1 17.8  
University  59.8 73.8   
Area of residencea    
Major city 57.8 67.9 <0.001 
Inner regional 27.1 19.6  
Outer regional/remote 15.2 12.4   
Number of live births reported    
1 17.5 17.8 0.199 
2 54.1 50.5  
3 22.6 24.0  
>3 5.8 7.7  
Smoking    
Never smoked 65.1 64.6  0.003 
Ex-smoker 26.5 30.5  
Current smoker 8.4 4.9  
Body mass index    
Underweight  2.2 2.8  0.733 
Normal  49.1 50.1  
Overweight  27.5 27.2  
Obese  21.3 19.9  
Physical activity     
Sedentary 14.2 15.0 0.124 
Low  34.6 37.7  
Moderate 21.5 22.2  
High 29.7 25.0   
Unless indicated, values are column percent, a51 mothers who live abroad have been excluded 
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Supplemental Table S6.2b. Characteristics of mothers included in the AEDC analyses and all 
mothers participated in the MatCH survey (data are from the most recent ALSWH survey the 
women completed). 
 Mothers not included in 
the AEDC analyses 
(n=2,409) 
Mothers included in 
the AEDC analyses 
(n=630) 
p value for group 
difference   
Age (mean, SD) 35.8 (2.0) 39.2 (1.6) <0.001 
Education     
Year 12 or less 14.2 11.8 0.015 
Trade/ Apprenticeship/Cert/Dip 24.3 20.5  
University  61.5 67.8  
Area of residencea    
Major city 61.1 55.9 0.012 
Inner regional 24.3 30.0  
Outer regional/remote 14.7 14.1  
Number of live births reported    
1 20.7 5.7 <0.001 
2 52.6 56.1  
3 20.7 31.3   
>3 6.1 6.8  
Smoking    
Never smoked 63.4 71.1  <0.001 
Ex-smoker 28.3 23.7  
Current smoker 8.3 5.2  
Body mass index    
Underweight  2.4 2.1 0.458 
Normal  48.8 51.4  
Overweight  27.3 27.6  
Obese  21.5 18.9  
Physical activity     
Sedentary 15.0 12.2 0.173 
Low  35.5 34.23  
Moderate 21.5 22.1  
High 28.0 31.4  
Unless indicated, values are column percent, a51 mothers who live abroad have been excluded 
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Chapter 7 | Maternal preconception weight trajectories and offspring 
childhood BMI  
CONTEXT AND OBJECTIVES 
Maternal pre-pregnancy body mass index (BMI) is strongly associated with offspring’s BMI, 
however, the underlying mechanisms linking them have not yet been fully discovered. The existing 
body of evidence on the association between maternal BMI and offspring BMI is mostly limited to 
a single measurement of maternal BMI. Further analyses evaluating the associations of repeated 
measures of women’s weight, perhaps over the reproductive course of life, and offspring childhood 
BMI may shed more light on the associations. Thus, using data from the Australian Longitudinal 
Study on Women’s Health (ALSWH) and its sub-study, the Mothers and their Children’s Health 
(MatCH) study, we were able to examine the association of: 
- mothers’ preconception BMI trajectories over 6-7 years and offspring childhood BMI, and 
- mothers’ BMI changes between first and second pregnancy and the second-born child’s 
BMI. 
This chapter includes a paper published in the International Journal of obesity: 
Adane AA, Dobson A, Tooth LR, Mishra GD. Maternal preconception weight trajectories are 
associated with offsprings’ childhood obesity. International Journal of obesity. 2018; 42:1265–
1274. 
 
 
The formatting of the original version of the paper has been slightly modified to adapt to the format 
of this thesis, but the text content has not been modified. 
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ABSTRACT 
Objectives: This study aimed to examine the associations between 1) mothers’ preconception body 
mass index (BMI) trajectories over 6-7 years and offspring childhood BMI, and 2) mothers’ BMI 
changes between first and second pregnancy and the second-born child’s BMI.    
Methods: We used data (1 606 mothers with 2 733 children with mean age 7.7 years, SD 2.9) from 
the Australian Longitudinal Study on Women’s Health and the Mothers and their Children’s Health 
study. Preconception BMI trajectories were identified using latent class growth modelling. Children 
were categorized as underweight, normal, overweight or obese based on age and sex specific BMI 
cut-off points for children. Multinomial and binary logistic regression were used for analyses.  
Results: We identified three preconception BMI trajectories, named as ‘normative’ (61.2%), 
‘chronically overweight’ (30.7%), and ‘chronically obese’ (8.1%). Children born to ‘chronically 
overweight’ and ‘chronically obese’ mothers were more likely to be overweight than normal weight 
relative to children born to women with a ‘normative’ BMI trajectory. The corresponding adjusted 
relative risk ratios (RRRs) (95% confidence interval [CIs]) of childhood overweight were 1.75 
(1.33, 2.31) for chronically overweight mothers and 2.48 (1.65, 3.73) for chronically obese mothers. 
Similarly, we found a much stronger association between ‘chronically overweight’ and ‘chronically 
obese’ BMI trajectories and childhood risk of obesity; RRR (95% CI), 2.49 (1.41, 4.40) and 6.65 
(3.40, 13.01), respectively. Second-born children of mothers with high interpregnancy weight gain 
(≥4 BMI units) were also at higher risk of being overweight or obese (OR = 2.20, 95% CI: 1.02, 
4.75) compared to children of mothers with stable interpregnancy weight (gain or loss of 1 BMI 
unit or less).  
Conclusions: In this population-based prospective cohort study, we found strong dose-response 
associations between preconception BMI trajectories and offsprings’ childhood BMI. 
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INTRODUCTION  
An accumulated body of evidence suggests that pre-pregnancy obesity (or a body mass index (BMI) 
>30 kg/m2 (1)) is strongly linked with offspring’s adiposity. Children born to obese mothers are at 
increased risk of macrosomia (2) and obesity during childhood and adolescence (3, 4). However, 
whether the effect is due to intrauterine or shared familial factors remains unknown. In maternal-
paternal comparison studies (5-7), the maternal effect has been shown to be stronger than the 
paternal effect – supporting the intrauterine effect of obesity. The ‘developmental overnutrition’ 
hypothesis proposes that offspring adiposity is programmed within the intrauterine environment. 
Exposure to excessive maternal plasma glucose, free fatty acid and amino acids in utero causes 
permanent changes in fetal appetite, neuroendocrine function or energy metabolism which lead to 
obesity during childhood and later life (6). Although others (8) also found stronger associations 
between maternal BMI and offspring fat mass than the association of paternal BMI with offspring 
fat mass, further analysis using the maternal obesity-associated gene (FTO) did not provide strong 
support to the developmental overnutrition pathway.  
Analyses examining the relationship between pre-pregnancy BMI trajectories of mothers and their 
offsprings’ childhood obesity may offer additional insight into the association between maternal 
obesity and childhood adiposity. Previous studies on the association between maternal obesity and 
childhood BMI have mainly focused on measurements of maternal BMI at one point in time, 
usually immediately before pregnancy or during the early trimester of pregnancy (2).  
Only a few studies have evaluated the role of women’s weight at different life stages on their 
offsprings’ childhood adiposity. In the 1958 British birth cohort (9), excessive maternal weight gain 
during childhood and adulthood was associated with an increased risk of obesity in offspring aged 
4–18 years. In contrast, researchers using data from the EDEN mother-child cohort (10) did not find 
any statistically significant association between women’s weight change (between the average age 
of 20 years and just prior to pregnancy) and BMI of their  children. However, the authors 
acknowledged that the study had limited statistical power and had only two pre-pregnancy weight 
measures (on average 9 years apart) which were reported retrospectively during the first trimester of 
pregnancy, allowing for recall bias. Therefore, a prospective study with repeated measures of pre-
pregnancy weight would help to inform evidence-based interventions for women in their early 
reproductive years (11). 
Moreover, interpregnancy BMI change may have health impacts on second-born children. A 
number of studies (12, 13) have demonstrated a link between interpregnancy weight gain and 
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adverse birth outcomes in the second pregnancy. However, to our knowledge, no study has 
evaluated the effect of interpregnancy BMI change beyond perinatal complications.  
The aims of this study were to examine the association between preconception BMI trajectories and 
offsprings’ childhood BMI (aim 1), and to evaluate whether BMI changes between first and second 
pregnancies are associated with second-born child’s childhood BMI (aim 2). 
METHODS 
Study participants  
The Australian Longitudinal Study on Women’s Health (ALSWH) is an ongoing large longitudinal 
population-based study of Australian women. In 1996, women in three age groups, aged 18–23 
years (1973–78 cohort), 45–50 years (1946–51 cohort) and 70–75 years (1921-26 cohort) were 
randomly selected from the national universal health insurance database. The ALSWH has collected 
repeated self-reported data using mailed or online surveys for each cohort over 20 years. Further 
details of the ALSWH have been published elsewhere (14). This analysis utilized data (Surveys 1-
7) from the 1973-78 cohort of women who provided comprehensive information about their 
children born between 2003 and 2015 (Surveys 3 to 7), as detailed below.   
In 2016/2017, 8 929 women in the 1973-78 cohort were invited to complete an additional survey 
about their children (up to three children aged under 13 years per mother), in a sub-study called the 
Mothers and their Children’s Health (MatCH) study. Overall, 3 039 mothers provided 
comprehensive data about their children (n = 5 780) including health and development, 
anthropometric measures, and health service use (Figure 7.1). For the analysis of preconception 
BMI trajectory and child BMI (aim 1), 329 children were ineligible because they were under 2 
years of age (15). Among the eligible mothers and children, 2 718 children from 1 332 mothers 
were excluded. The main reasons for exclusion were missing or implausible data on BMI for the 
child (n = 1 220), mothers who were missing one or more of the three weight data points prior to the 
conception of the index child (n = 538) or due to the lack of a reliable pre-pregnancy weight 
(women had been pregnant at the first three surveys (n = 258)). Finally, 2 733 children from 1 606 
mothers were included.  For the analysis of the association between interpregnancy BMI change 
between first and second pregnancies, and the second-born child’s BMI (aim 2), 2 047 children 
from 1 227 mothers were ineligible because the children had third and higher birth order (n = 1 158) 
or were only children (n = 889). Among the eligible mothers and children, 756 children from 378 
mothers were excluded. The main reasons for exclusion were first and second-born children being 
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born in the same interval between successive surveys (n = 474), multiple birth (n = 94) and missing 
data on covariates (n=139). Further exclusion criteria are shown on Figure 7.1. Finally, data on 1 
428 children (714 sibling pairs) were included. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                                                                                                                                      
 
 
 
 
 
 
 
ALSWH: Australian Longitudinal Study on Women’s Health (used data from Survey 1 [1996] to Survey 7 [2015]), BMI: body mass index, MatCH: 
Mothers and their Children’s Health study, a sub-study of the ALSWH (conducted in 2016/2017) 
1Of 5,756 women who did not participate, 2,551 had not reported any eligible births up to the seventh survey of ALSWH (when aged 37-42 years) so 
may have been ineligible 
224 women did not do the MatCH survey, but they have agreed to external data linkage for 43 children 
3Women who were pregnant in the first three ALSWH surveys (Survey 1 to 3) were not asked to report their weight prior to pregnancy and hence 
were excluded as we do not have a reliable pre-pregnancy weight 
Figure 7.1. Flow diagram of the samples for the analyses of maternal preconception BMI trajectory 
and child’s BMI as well as for interpregnancy BMI change and second-born child’s BMI 
Women invited for 
MatCH study (N=8929) 
Responded to MatCH 
study (N=3039 mothers, 
n=5780 children) 
Children with complete BMI data (n=4231, from 2319 mothers) 
Children included in analysis (n=2733, from 
1606 mothers) 
Found to be ineligible (N=110);  
- Had no children (N=108) 
- Died (N=2) 
Did not participate (N=5,756)1 
Data linkage only (N=24)2 
 
1220 children excluded;  
- Missing data on child BMI 
(n=1179) 
- Biologically implausible 
BMI values (n=41) 
Children included in analysis (n=1428 [714 
sibling pairs], from 714 mothers) 
1498 children from 713 mothers excluded; 
- Multiple birth (n=152) 
- Mothers were pregnant during Surveys 1, 2 
or 3 (n=258)3 
- Mothers did not complete the ALSWH 
survey prior to conception of index child 
(n=350) 
- Missing 1 or more reports of maternal 
weight prior to conception of index child 
(n=538) 
- Missing data on covariates (n=200)  
756 children from 378 mothers excluded;  
- Multiple birth (n=94)
- Mothers were pregnant at Survey 3 (n=31) 3 
- Missing pre-pregnancy weight (n=18) 
- Born same survey interval (n=474) 
- Missing data on covariates (n=139) 
 
Aim 1: Maternal preconception BMI 
trajectory and child BMI 
Aim 2: Interpregnancy BMI change and second 
born child BMI 
Ineligible (n=2047 children 
from 1227 mothers); 
- Third and higher birth 
order (n=1158)  
- No sibling (n=889)  
 
Ineligible children (n=329); 
- Under 2 years of age  
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Both the ALSWH and MatCH studies were approved by the Human Research Ethics Committees at 
the University of Newcastle and the University of Queensland. Informed consent was obtained from 
all participants at each survey. 
Anthropometric measures  
Women’s height [reported at Survey 1 (1996)] and weight [reported at Survey 1, Survey 2 (2000), 
Survey 3 (2003), Survey 4 (2006), Survey 5 (2009) and Survey 6 (2012)] were used to calculate 
women’s BMI at the corresponding survey. Pre-pregnancy weight was the weight reported at the 
survey immediately prior to the survey interval in which the child was born. For example, women’s 
weight reported at Survey 3 was considered as pre-pregnancy weight for children born between 
Surveys 3 and 4. Although women were asked to report their weight at all surveys, it was only from 
Survey 4 onwards that women who were pregnant were asked to report their weight as it had been 
prior to their pregnancy.                                 
Interpregnancy BMI change was the difference between maternal pre-pregnancy BMI measures 
prior to the conception of the first and the second-born children, BMI (second child) – BMI (first 
child). Following the previous literature,(13) the differences were categorized as more than 1 BMI 
unit loss , BMI unit changes between -1 and 1 (stable), BMI unit changes from 1 to <2 (small gain), 
2 to <4 (moderate gain), and 4 or more (high gain). 
For the MatCH study, women were provided with measuring tapes with instructions to measure 
their children’s height and weight. The women’s report of their children’s height and weight were 
used to calculate child BMI, computed as weight (kg) / height (m2). Children over 2 years of age 
were categorized into underweight, normal, overweight or obese groups based on age and sex 
specific BMI cut-off points for children.(15)  
Assessment of covariates and confounders  
In all ALSWH surveys, women reported their age (years), education (year 12 or less, 
trade/apprenticeship/certificate/diploma, university degree/higher degree), area of residence (major 
city, inner region, outer region/remote),(16) parity (nulliparous, parous), smoking (never smoked, 
ex-smoker, current smoker) and physical activity (sedentary/low, moderate,  high). Physical activity 
was derived from data on frequency, duration and intensity of activity using total metabolic 
equivalent (MET) values which were estimated for a range of activities (3 for walking, 4 for 
moderate activity and 7.5 for vigorous activity) and categorized as sedentary/low (<600 MET 
min/week), moderate (600 to <1 200 MET min/week) or high (≥1 200 MET min/week).(17) In 
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addition, during the last three ALSWH surveys (Surveys 5-7), women were asked whether they had 
been diagnosed or treated for gestational diabetes (GDM) and hypertensive disorders during 
pregnancy (HDP) for each live birth. These factors have been previously found to be associated 
with both maternal obesity and child outcomes and hence were included as potential confounders 
(18, 19). 
Women also provided data on their children’s date of birth, age at anthropometric measures, sex, 
and multiple birth status (yes, no) in both the ALSWH and the MatCH study; when data were 
missing in the ALSWH surveys, those reported in the MatCH study were used.  
Interpregnancy interval was calculated as the interval between the birth date of the first child and 
the estimated conception date of the second-born child (calculated by subtracting the average length 
of human gestation (280 days) from the birth date). Lastly, the interpregnancy interval was 
converted to months and categorized into <24, 24 to 36 and >36 months.   
Statistical analyses 
First, we summarized maternal and child characteristics using descriptive statistics, such as the 
mean and standard deviation (SD) for continuous variables, and percentages for categorical 
variables. Second, we used latent class growth modelling (20) to identify distinct groups of 
trajectories (i.e., subgroups of individuals who follow similar trajectories over time) within the 
population. Using the Proc Traj program in SAS (21), we identified the mothers’ BMI trajectories 
prior to conception for each child. The preconception BMI trajectories were estimated using three 
BMI data points prior to conception of the index child. For instance, for children born between 
Surveys 3 and 4, the preconception BMI trajectories were calculated using weight measurements 
from Surveys 1 to 3 (over 7 years); for children born between Surveys 4 and 5, the preconception 
BMI trajectories were from Surveys 2 to 4 (over 6 years) and so on. The number of trajectory 
groups was selected using a number of criteria including Bayesian information criterion (BIC), a 
priori knowledge about BMI trajectories in adults, the adequacies of the size of the trajectory groups 
and the meaningfulness of such groups for subsequent analyses (22, 23). Individuals were assigned 
to the trajectory group with their highest posterior probability of group membership (a posterior 
probability is the probability of each woman belonging to each trajectory group). 
Third, we used multinomial logistic regression to examine the associations between assigned 
preconception BMI trajectory groups and offsprings’ childhood BMI. The first model was 
unadjusted and the second model was adjusted for maternal factors reported at the same time as the 
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first BMI value included in the BMI trajectory (age, area of residence, parity, education, smoking 
and physical activity). Relative risk ratio (RRR) with 95% confidence interval (CI) was used to 
estimate the risk of underweight, overweight or obesity in children. Cluster-robust standard errors 
were used to account for correlations between siblings. 
Finally, in a sample restricted to mothers who reported data on first and second-born children, we 
used logistic regression to examine the associations between interpregnancy BMI change and 
second-born children’s BMI (dichotomized into underweight/normal vs. overweight/obese groups 
because of the small number of underweight and obese children). The bivariate association was 
estimated, and then adjusted for maternal characteristics reported prior to the conception of the 
second child (age, area of residence, education, smoking and physical activity), the duration of 
interpregnancy interval (months) and maternal BMI before pregnancy of the first child. 
In supplementary analyses, we repeated the second and third steps of the analyses to confirm the 
consistency and robustness of results: 1) after excluding children born to women with GDM and/or 
HPD (n = 250) as these pregnancy complications might be mediators and 2) in a subsample limited 
to first births (n = 1 156). 
Analyses were performed using SAS Software Version 9.4 (24)  and STATA Software Version 14 
(25). All statistical tests were two sided and a p-value <0.05 was considered to be statistically 
significant. 
RESULTS  
Aim 1: preconception BMI trajectories and offsprings’ childhood BMI 
For the first aim, a total of 1 606 mothers with 2 733 children (mean age 7.7 years, SD 2.9) were 
included. About 60% of women lived in major cities and more than half of them (56.3%) had a 
university degree or higher degree qualification. Over one-third (35.2%) of women were overweight 
or obese pre-pregnancy. Approximately 10% of women reported physician diagnosed GDM or 
HDP. Slightly over half (52.7%) of children were boys, about 15% were overweight or obese and 
11% of them were underweight. 
Obese children were more likely to be born to women with less education and current smokers. The 
proportions of overweight and obese children were significantly higher in women who were 
overweight or obese pre-pregnancy. The percentage of obese children was also slightly greater in 
girls than boys (3.6% vs. 2.6%) (Table 7.1). 
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Table 7.1. Maternal characteristics (reported at the same time as the first BMI value included the 
BMI trajectory), pregnancy complications and child characteristics by offsprings’ BMI categories 
  Offspring BMI category 
 All Children Underweight  Normal Overweight Obese 
 N=27331 N=306 N=2009 N=333 N=85 
Mother’s characteristics      
Age (years), mean (SD)   25.1 (3.1) 24.7 (3.3) 25.2 (3.2) 25.1 (3.5) 25.4 (3.1) 
Area of residence       
Major city 1636 (59.9)  172 (10.5) 1215 (74.3) 196 (12.0) 53 (3.2) 
Inner region 680 (24.9) 90 (13.2) 480 (70.6) 88 (12.9) 22 (3.2) 
Outer region/remote  417 (15.3)   44 (10.6) 314 (75.3) 49 (11.8) 10 (2.4) 
Parity       
Nulliparous  2559 (93.6)    287 (11.2) 1885 (73.7) 310 (12.1) 77 (3.0) 
Parous     174 (6.4) 19 (10.9) 124 (71.3) 23 (13.2) 8 (4.6) 
Education      
Year 12/less 681 (24.9)   86 (12.6) 480 (70.5) 91 (13.4) 24 (3.5) 
Trade/apprentice/ 
certificate/diploma 
513 (18.8) 61 (11.9) 364 (71.0) 66 (12.9) 22 (4.3) 
University degree/ higher 
degree 
1,539 (56.3) 159 (10.3) 1,165 (75.7) 176 (11.4) 39 (2.5) 
Smoking       
Never smoked 1763 (64.5) 191 (10.8) 1324 (75.1) 202 (11.5) 46 (2.6) 
Ex-smoker 404 (14.8) 38 (9.4) 303 (15.1) 49 (12.1) 14 (3.5) 
Current smoker 566 (20.7) 77 (13.6) 382 (67.5) 82 (14.5) 25 (4.4) 
Physical activity       
Sedentary/low 1053 (38.5) 126 (12.0) 758 (72.0) 133 (12.6) 36 (3.4) 
Moderate 693 (25.4) 75 (10.8) 510 (73.6) 91 (13.1)) 17 (2.5) 
High 987 (36.1) 105 (10.6) 741 (75.1) 109 (11.0) 32 (3.2) 
Pre-pregnancy BMI       
Normal  1771 (64.8)   231 (13.0) 1340 (75.7) 171 (9.7) 29 (1.6) 
Overweight  644 (23.6) 50 (7.8) 470 (73.0) 100 (15.5) 24 (3.7) 
Obese  318 (11.6) 25 (7.9) 199 (62.6) 62 (19.5) 32 (10.1) 
Pregnancy complications and 
child characteristics 
     
Gestational diabetes       
No  2,607 (95.4) 288 (11.2) 1,921 (73.7) 320 (12.3) 78 (3.0)  
Yes  118 (4.3) 17 (14.1) 83 (70.3) 12 (10.2) 6 (5.1) 
Hypertensive disorder of 
pregnancy  
     
         No  2,583 (94.5) 288 (11.2) 1904 (73.7) 313 (12.1) 78 (3.0) 
Yes  142 (5.2) 17 (12.0) 100 (70.4)  19 (13.4) 6 (4.2) 
Age (years)), mean (SD) 7.7 (2.9) 8.1 (2.9) 7.6 (2.9) 7.7 (3.1) 7.5 (2.8) 
Sex       
Boys  1440 (52.7) 155 (10.8) 1078 (74.9) 169 (11.7) 38 (2.6) 
Girls  1293 (47.3) 151 (11.7) 931 (72.0) 164 (12.7) 47 (3.6) 
1sample size refers child-mother pairs (a mother could pair with up to 3 children), unless indicated values are number of children (row %), the 
sample size for gestational diabetes and hypertensive disorders of pregnancy does not add up to 2733 because of eight missing values 
A number of latent class models starting from one class to four class models with varying 
polynomial terms (up to a second degree) were fitted. Although the BIC values substantially 
decreased (i.e. indicating improved model fit) up to a four-class model, a three-class model was 
chosen over a four-class model as the latter included one small and unstable subgroup (<5%). The 
three preconception BMI trajectories were qualitatively labelled as ‘normative’ (started normal and 
remained in the normal range of BMI, and contained 61.2% of women), ‘chronically overweight’ 
(remained in overweight range of BMI throughout the period and included 30.7% of women) and 
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‘chronically obese’ (started with the upper border of grade I obesity range of BMI and progressively 
became grade II obese and comprised of 8.1% of women) (Figure 7.2). 
 
Figure 7.2. Maternal body mass index trajectories over six to seven years before conception 
(N=2733) 
For ease of interpretation these qualitative labels reflected the conventional BMI classification (1). 
The corresponding average group membership probabilities were 0.96, 0.92 and 0.96 – suggesting a 
high reliability of class assignment.  
The mean (SD) BMI across latent classes were: ‘normative class’ 21.2 (1.6), ‘chronically 
overweight’ 26.2 (1.8) and ‘chronically obese’ 33.4 (3.6). Almost all women (95.9%) in the 
normative BMI trajectory group had normal BMI in the survey immediately prior to pregnancy of 
the index child. Similarly, 66.5% of women in ‘chronically overweight’ group and 92.1% of women 
in ‘chronically obese’ group were overweight and obese pre-pregnancy, respectively.  
Table 7.2 shows the association between preconception BMI trajectories and offsprings’ BMI. In all 
models, women with a normative BMI trajectory and children with normal BMI are used as 
reference groups. We found strong ‘dose-response’ associations between preconception BMI 
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trajectories and overweight and obesity risks in children. In a model fully adjusted for maternal 
demographic and lifestyle factors, women with a chronically overweight or obese BMI trajectory 
prior to conception of the index child were significantly less likely to have underweight children 
and more likely to have overweight or obese children. For instance, relative to women with a 
‘normative’ BMI trajectory, women with ‘chronically overweight’ and ‘chronically obese’ BMI 
trajectories, had 2.5 and 6.7 increased risk of having obese children compared with normal weight 
children, respectively (Table 7.2). 
Table 7.2. The association between preconception BMI trajectories and offsprings’ childhood BMI 
(N=2733) 
    Unadjusted model Adjusted model1  
  N  % RRR 95% CI RRR 95% CI 
Maternal BMI trajectories Child BMI       
Normative* (n=1,679)   
  
Underweight 222 13.2     
Normal 1272    75.8       
Overweight 157 9.4       
Obese 28 1.7     
Chronically overweight 
(n=839) 
Underweight 70    8.5 0.67 0.49, 0.90 0.63 0.46, 0.86 
Normal* 601 71.6 1.00  1.00  
Overweight 133 15.9 1.79 1.36, 2.35 1.75 1.33, 2.31 
Obese 35 4.2 2.65 1.51, 4.63 2.49 1.41, 4.40 
Chronically obese (n=215) Underweight 14 6.6 0.59 0.31, 1.11 0.54 0.29, 1.02 
Normal* 136 63.3 1.00  1.00  
Overweight 43 20.0 2.56 1.71, 3.83 2.48 1.65, 3.73 
Obese 22 10.2 7.35 3.84, 14.06 6.65 3.40, 13.01 
BMI: body mass index, CI: confidence interval, RRR: relative risk ratio, 1adjusted for maternal characteristics reported at the same time as the first 
BMI value included in the BMI trajectory (age, area of residence, parity, education, smoking and physical activity), *reference group  
Excluding children born to women with GDM and or HPD did not change the above results 
materially (Supplemental Table S7.1). The sensitivity analysis restricted to the first births also did 
not change the conclusions reached from the main analysis. However, although the 95% confidence 
intervals became wider, mainly because of small number of underweight and overweight children, 
effect sizes increased substantially. For example, the adjusted RRRs (95% confidence interval) of 
childhood obesity were 3.32 (1.35, 8.17) for chronically overweight mothers and 12.26 (4.45, 
33.82) for chronically obese mothers (Supplemental Table S7.2). 
 Aim 2: interpregnancy BMI change and overweight/obesity risk in second-born children 
Seven hundred fourteen women and their first- and second-born children were included for the 
analysis related to the second aim. Approximately two-thirds (65.4%) of women conceived within 2 
years of the birth of their first child. Interpregnancy BMI change was significantly associated with 
maternal education level, smoking status and BMI reported prior to the conception of the first child. 
For instance, 4% of women with a university degree/higher degree had high weight gain ((≥4 BMI 
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units) compared to 11.6% of women with year 12 or less. Interpregnancy interval was also 
significantly associated with interpregnancy BMI change (Table 7.3). 
Table 7.3. Maternal characteristics (reported prior to the first pregnancy) and interpregnancy 
interval by interpregnancy BMI change categories (N=714 sibling pairs) 
 Interpregnancy BMI change categories 
 Loss (>1 
BMI units) 
Stable (gain or 
loss of 1 BMI 
unit) 
Small gain (1 
to <2 BMI 
units) 
Moderate gain (2 
to <4 BMI units) 
High gain 
(≥4 BMI 
units) 
N  115 320 128 113 38 
Characteristics       
Age (years), mean (SD) 29.4 (2.5) 29.4 (2.4) 29.4 (2.6) 29.1 (2.6) 28.8 (2.1) 
Area of residence       
Major city 81 (16.9) 212 (44.2) 87 (18.1) 76 (15.8) 24 (5.0) 
Inner region 21 (14.1) 69 (46.3) 26 (17.6) 24 (16.1) 9 (6.0) 
Outer region/remote  13 (15.3) 39 (45.9) 15 (17.7) 13 (15.3) 5 (5.9) 
Education      
Year 12/less 20 (23.3) 27 (31.4) 9 (10.5) 20 (23.3) 10 (11.6) 
Trade/apprentice/ 
certificate/diploma 
10 (7.6) 60 (45.8) 32 (24.4) 21 (16.0) 8 (6.1) 
University 
degree/higher degree 
85 (17.1) 233 (46.9) 87 (17.5) 72 (14.5) 20 (4.0) 
Smoking       
Never smoked 66 (14.4) 212 (46.2) 89 (19.4) 72 (15.7) 20 (4.4) 
Ex-smoker 34 (21.8) 73 (46.8) 21 (13.5) 22 (14.1) 6 (3.9) 
Current smoker 15 (15.2) 35 (35.4) 18 (18.2) 19 (19.2) 12 (12.1) 
BMI      
Normal  70 (13.8) 250 (49.1) 95 (18.7) 79 (15.5) 15 (3.0) 
Overweight  29 (19.3) 55 (36.7) 19 (12.7) 29 (19.3) 18 (12.0) 
Obese  16 (29.1) 15 (27.3) 14 (25.5) 5 (9.1) 5 (9.1) 
Physical activity       
Sedentary/low 39 (16.5) 99 (42.0) 36 (15.3) 46 (19.5) 16 (6.8) 
Moderate 31 (15.5) 84 (42.0) 42 (21.0) 31 (15.5) 12 (6.0) 
High 45 (16.2) 137 (49.3) 50 (18.0) 36 (13.0) 10 (3.6) 
Interpregnancy interval       
 <24 months 86 (18.4) 210 (45.0) 83 (17.8) 66 (14.1) 22 (4.7) 
 24-36 months 23 (13.5) 84 (49.4) 26 (15.3) 25 (14.7) 12 (7.1) 
 >36 months 6 (7.8) 26 (33.8) 19 (24.7) 22 (28.6) 4 (5.2) 
Sample size refers child-mother pairs (only second-born children), unless indicated value are n (row %)   
 Table 7.4 shows the association between interpregnancy BMI change and the risk of second-born 
children being overweight/obese. In a fully adjusted model, the odds of having an overweight/obese 
second-born child for women with high interpregnancy weight gain (≥4 BMI units) was 2.20 (95% 
CI: 1.02, 4.75) times higher than women with a stable interpregnancy BMI (gain or loss of 1 BMI 
unit or less). Women in the other interpregnancy weight categories, particularly women with 
interpregnancy weight loss (>1 BMI units) tended to have lower odds of overweight or obesity in 
their second-born children than women with a stable interpregnancy BMI, but the results did not reach 
statistical significance. 
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Table 7.4. Interpregnancy BMI change and risk of overweight/obesity in second-born children 
(N=714 sibling pairs) 
 Overweight/obesity in 
second-born child 
Unadjusted model Adjusted model1  
Exposure  No, n (%) Yes, n (%) OR  95% CI OR  95% CI 
Interpregnancy BMI change        
Loss (>1 BMI units) 99 (86.1) 16 (13.9) 0.89  0.49, 1.64 0.83  0.44, 1.55 
Stable (gain or loss of 1 BMI unit) 271 (84.7) 49 (15.3) 1.00  1.00  
Small gain (1 to <2 BMI units) 108 (84.4) 20 (15.6) 1.02  0.58, 1.80 0.98 0.55, 1.75 
Moderate gain (2 to <4 BMI units) 96 (85.0) 17 (15.0) 0.98  0.54, 1.78 0.87  0.47, 1.62 
High gain (≥4 BMI units) 25 (65.8) 13 (34.2)  2.88  1.38, 6.00 2.20  1.02, 4.75 
BMI: body mass index, CI: confidence interval, OR: odds ratio), 1adjusted for maternal characteristics reported prior to the birth of the second child 
(age, area of residence, education, smoking and physical activity), interpregnancy interval and BMI reported before the birth of the first child 
DISCUSSION  
In this population-based prospective cohort study, we identified three groups of women based on 
their BMI trajectories over six to seven years prior to conception and we found strong relationships 
between these trajectories and offsprings’ childhood BMI. Women with ‘chronically overweight’ 
and ‘chronically obese’ BMI trajectories before conception were much more likely to have 
overweight or obese children than normal weight children as compared with women with a 
normative BMI trajectory. Women with high interpregnancy weight gain were also more likely to 
have an overweight or obese second-born child than women with a stable interpregnancy weight. 
These findings suggest that women’s weight history over the preconception period is potentially 
important in shaping the future generations’ risk of obesity, thereby underscoring the importance of 
weight management over the reproductive life course.  
To our knowledge, the associations between preconception BMI trajectories and offsprings’ 
childhood BMI have not previously been formally investigated. Although not directly comparable 
to our study, authors using the 1958 British birth cohort study (9) examined the association of 
mothers’ BMI measured at various stages of their lives (7, 11, 16, 23 and 33 years) and offspring’s 
BMI measured once between 4 and 18 years. They found significant and independent associations 
between mothers’ childhood and adulthood BMI and offspring’s childhood BMI. In line with this 
finding, in the current study we observed a dose-response relationship between preconception BMI 
trajectories and offspring’s childhood BMI. Together these findings might support the genetic or 
familial predisposition of childhood adiposity. On the other hand, women who were obese before 
pregnancy mainly continue to be obese during pregnancy and hence the effect, at least partly, could 
be due to the suboptimal intrauterine environment (26). Although not always found (27), stronger 
maternal than paternal associations with offspring adiposity may further lend support to this latter 
pathway (5-7). In addition to the intrauterine programing and genetic predisposition, the shared 
family environment has been suggested to play an important role in childhood obesity (28). 
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Mothers’ food preferences and the types of food available to the children may shape offsprings’ 
dietary habits (29). 
For the first time, we also found an association between interpregnancy BMI change and 
overweight or obesity risk in second-born children - children born to mothers with high 
interpregnancy weight gain (≥4 BMI units) were at increased risk of childhood overweight or 
obesity. For example, a 4 BMI unit gain would be equivalent to a woman with an average height 
(1.66m) and weight (65kg) prior to the first pregnancy gaining 11kg (to 76 kg). This gain would 
increase the risk of overweight or obesity in her second-born child more than twofold, compared to 
if she had shown no overall BMI change (gain or loss of 1 BMI unit or less or about 2kgs). We 
could not replicate the previous evidence (30) that children born to mothers with substantial weight 
loss (following biliopancreatic bypass surgery) were less likely to be overweight or obese due to the 
small sample size.  
This is the first study formally to identify mothers’ preconception BMI trajectories and evaluate the 
link between these and offsprings’ childhood BMI. The group-based trajectory modeling, also 
known as ‘person-based approach’, allowed us to identify women who had been chronically 
overweight or obese over a longer pre-pregnancy period than BMI measured at just one time. The 
other strengths of this study lie in its design; it is a population-based prospective cohort study which 
includes a wide range of demographic and lifestyle factors.  
Nevertheless, this study has a number of limitations. All measures were self-reported, and this 
might have biased our findings. For instance, obese mothers may underestimate their weight, 
whereas underweight mothers may over estimate it. Meta-analytical evidence has also shown that 
parents underestimate the weight of their overweight and obese children (31). We also acknowledge 
the lack of data on gestational age and gestational weight gain which has been found to be 
associated with childhood overweight or obesity risk (32). Another limitation of this study is that 
only three time points were used to estimate the preconception BMI trajectories. Additionally, the 
high non-response rate in the MatCH study may compromise the generalizability of the findings and 
may also potentially bias estimates as the non-respondents were more like to be obese than the 
respondents (27.4% vs. 21.0%) during the most recent ALSWH survey the women completed. 
Given that obesity in women of reproductive age and their children is a serious global health 
problem (33, 34). The findings of this study are highly relevant to disease prevention policies which 
should target women in the higher BMI trajectory groups (chronically overweight, and chronically 
obese). Unlike previous studies, the current study expanded the preconception exposure period to 
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six to seven years before conception, beyond a typical focus which is usually immediately prior to 
pregnancy. This longer duration provides ample time for women to manage their weight before 
entering pregnancy. Evidence (35) shows that most weight management intervention studies are 
targeting the antenatal period or gestational weight gain and are not sufficient to prevent pregnancy 
complications. Therefore, over the reproductive stage of life in general and during the period of six 
to seven years before conception, women need to maintain healthy weight not only for their own 
health, but also for their children’s later health.  
In conclusion, in this population-based prospective cohort study we found consistent and strong 
dose-response associations between preconception BMI trajectories and offspring’s childhood BMI. 
This study also indicated that a substantial interpregnancy weight gain increased the risk of 
childhood overweight or obesity in children. Sufficiently powered prospective studies are required 
to evaluate the impact of weight loss between consecutive pregnancies. 
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SUPPLEMENTARY MATERIAL  
Supplemental Table S7.1. The association between preconception BMI trajectories and offsprings’ 
childhood BMI after excluding children born to women with GDM and /or HDP 
    Unadjusted model Adjusted model2  
  N1  % RRR 95% CI RRR 95% CI 
Maternal BMI trajectories Child BMI       
Normative* (n=1,556)  
  
Underweight 201 12.9     
Normal 1184    76.1     
Overweight 147 9.5      
Obese 24 1.5     
Chronically overweight 
(n=752) 
Underweight 60    8.0 0.66 0.48, 0.91 0.63 0.45, 0.87 
Normal* 538 71.5 1.00  1.00  
Overweight 123 16.4 1.84 1.39, 2.43 1.79 1.34, 2.38 
Obese 31 4.1 2.84 1.56, 5.16 2.65 1.43, 4.91 
Chronically obese (n=175)  Underweight 12 6.9 0.64 0.32, 1.27 0.59 0.30, 1.18 
Normal* 111 63.4 1.00  1.00  
Overweight 33 18.9 2.39 1.55, 3.70 2.29 1.48, 3.56 
Obese 19 10.9 8.44 4.20, 16.98 7.45 3.58, 15.50 
BMI: body mass index, CI: confidence interval, GDM: gestational diabetes, HDP: hypertensive disorders of pregnancy, RRR: relative risk ratio, 
1Sample size refers child-mother pairs (a mother could pair with up to 3 children, 2adjusted for maternal characteristics reported at the same time as 
the first BMI value included in the BMI trajectory (age, area of residence, parity, education, smoking and physical activity), *reference group  
 
Supplemental Table S7.2. The association between preconception BMI trajectories and offsprings’ 
childhood BMI (sample restricted to the first births) 
    Unadjusted model Adjusted model1  
  N  % RRR 95% CI RRR 95% CI 
Maternal BMI trajectories Child BMI       
Normative* (n=698) 
  
Underweight 101 14.5     
Normal 533    76.4       
Overweight 56 8.0       
Obese 8 1.2     
Chronically overweight 
(n=357) 
Underweight 32    9.0 0.64 0.43, 0.97 0.62 0.40, 0.96 
Normal* 265 74.2 1.00  1.00  
Overweight 47 13.2 1.69 1.11, 2.56 1.67 1.10, 2.54 
Obese 13 3.6 3.25 1.34, 7.99 3.32 1.35, 8.17 
Chronically obese (n=101) Underweight 5 5.0 0.43 0.17, 1.09 0.42 0.17, 1.07 
Normal* 62 61.4 1.00  1.00  
Overweight 23 22.8 3.53 2.03, 6.13 3.45 1.96, 6.07 
Obese 11 10.9 11.82 4.58, 30.51 12.26 4.45, 33.82 
BMI: body mass index, CI: confidence interval, RRR: relative risk ratio, 1adjusted for maternal characteristics reported at the same time as the first 
BMI value included in the BMI trajectory (age, area of residence, education, smoking and physical activity), *reference group  
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Chapter 8 | The role of offspring’s birthweight on the association between 
pre-pregnancy obesity and offspring childhood anthropometrics 
CONTEXT AND OBJECTIVES 
As shown in Chapters 1 and 7, overweight and obesity in reproductive age women and children 
have been already a serious concern. In addition to pre-pregnancy body mass index (BMI), in the 
preceding chapter (Chapter 7), we have demonstrated a strong association between maternal 
preconception BMI trajectories and offspring childhood BMI. Evidence has also shown a link 
between birthweight of offspring and pre-pregnancy BMI and later risk of obesity, but its mediating 
effect between the association of pre-pregnancy BMI and childhood anthropometrics has been less 
investigated. Therefore, using a prospectively collected data from the Australian Longitudinal Study 
on Women’s Health (ALSWH) and its sub-study, the Mothers and their Children’s Health (MatCH) 
study, analysis has been conducted to address the following aim:   
- to quantify the mediation role of offspring’s birthweight between the association of pre-
pregnancy BMI and offspring childhood anthropometrics (BMI-for-age, height-for-age, 
weight-for-age and weight-for-height z scores). 
This chapter includes a paper published in the Journal of Developmental Origins of Health and 
Disease: 
Adane AA, Tooth LR, Mishra GD. The role of offspring’s birthweight on the association 
between pre-pregnancy obesity and offspring’s childhood anthropometrics: a mediation 
analysis. Journal of Developmental Origins of Health and Disease. 2019; 1-8. 
 
 
The formatting of the original version of the paper has been slightly modified to adapt to the format 
of this thesis, but the text content has not been modified. 
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ABSTRACT  
Background: While birthweight of offspring is associated with pre-pregnancy body mass index 
(BMI) and later risk of obesity, its mediating effect between the association of pre-pregnancy BMI 
and childhood anthropometrics has rarely been investigated.  This study aimed to examine whether 
offspring birthweight is a mediator in the association between pre-pregnancy BMI and offspring 
childhood anthropometrics. 
Methods: The study included 1,618 mother-child pairs from the Australian Longitudinal Study on 
Women’s Health and Mothers and their Children’s Health Study. Children’s (mean age 8.6 years) 
anthropometrics were calculated from the mothers’ reported child weight and height measures. G-
computation was used to estimate the natural direct and indirect (via birthweight) effects of pre-
pregnancy BMI.  
Results: In the fully adjusted model, the natural direct effects of pre-pregnancy obesity on child 
BMI-for-age, height-for-age, weight-for-age and weight-for-height were, β (95% CI), 0.75 (0.55, 
0.95), 0.13 (-0.07, 0.32), 0.62 (0.44, 0.80) and 0.57 (0.24, 0.90), respectively. The corresponding 
natural indirect effects were 0.04 (-0.04, 0.12), -0.01 (-0.09, 0.07), -0.01 (-0.08, 0.07) and 0.09 (-
0.05, 0.23). Similar results were observed for pre-pregnancy overweight and pre-pregnancy BMI as 
a continuous scale.  
Conclusions: Most of the effect of pre-pregnancy obesity on childhood anthropometrics appears to 
be via a direct effect and not mediated through offspring’s birthweight. 
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INTRODUCTION  
Childhood obesity is a serious public health problem in developed nations and a growing public 
health issue in developing countries (1). Obesity during childhood is strongly associated with health 
problems during childhood and later adult life including type 2 diabetes, asthma, hypertension and 
other cardiovascular risks (2). Obesity during childhood has multiple risk factors and pre-pregnancy 
obesity is the strongest prenatal risk factor (3). 
Evidence from a meta-analysis (4) has shown that pre-pregnancy obesity is a shared risk factor for 
high birthweight (>4,000 g) and later childhood obesity. In turn, high birthweight is an established 
predictor of overweight/obesity during childhood and later life (5). A causal relationship between 
pre-pregnancy obesity and offspring obesity may start to develop prior to or during pregnancy (6), 
possibly due to developmental overnutrition, and shared familial and postnatal factors (7, 8). The 
developmental overnutrition hypothesis proposes that offspring adiposity is programmed within the 
intrauterine environment; exposure to excessive plasma glucose, free fatty acids and amino acids in 
utero cause permanent changes in fetal appetite, neuroendocrine function or energy metabolism that 
lead to obesity during childhood and later life (9). 
While a number of studies (10-12) of the association between pre-pregnancy body mass index 
(BMI) and offspring obesity have adjusted for birthweight of the offspring, to our knowledge, only 
one recent study (13) has examined its mediation effect. Morgen et al.(13) has found stronger direct 
than indirect (through ponderal index [birthweight/length3]) effects of pre-pregnancy BMI on 
offspring’s BMI at the ages of 7 and 11 years. However, the study evaluated only one child 
anthropometric measure and did not account for important intermediate factors such as gestational 
diabetes (GDM), and hypertensive disorders of pregnancy (HDP) (14, 15). 
Each anthropometric index BMI-for-age, height-for-age, weight-for-age and weight-for-height may 
reflect a unique child nutrition status at specific ages (16). For instance, BMI-for-age indicates over- 
or undernutrition, whereas height-for-age reflects the linear growth.  Evidence also showed that 
childhood linear growth has a significant impact on later adulthood risk of obesity (17).  However, 
most of the previous studies of the association between pre-pregnancy obesity and childhood 
anthropometrics were focused on child BMI-for-age – limited data are available on childhood linear 
growth. Therefore, a comprehensive path analysis of pre-pregnancy BMI and offspring childhood 
anthropometrics may assist the development of targeted interventions and possibly further improve 
our understanding about the link.  
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Thus, this study aimed to quantify the mediation role of offspring’s birthweight between the 
association of pre-pregnancy BMI and childhood anthropometrics using a population-based cohort 
study of Australian mother-child pairs. 
METHODS  
Study design and participants 
We used data from the Australian Longitudinal Study on Women’s Health (ALSWH) 1973-78 
cohort and Mothers and their Children’s Health (MatCH) study. For the ALSWH, 14,247 women 
born in 1973-78 (aged 18-23 years) were randomly selected in 1996 from the National Health 
Insurance database which included all Australians and permanent residents and surveyed triennially 
until 2015 (aged 37-42 years). Over 20 years of follow up, women provided comprehensive data 
about their health including pregnancy and birth outcomes. Full details are available on the 
ALSWH website (alswh.org.au) and in publication (18). 
For the MatCH study, 8,929 women from the 1973-78 ALSWH cohort were invited to complete a 
survey about their children (up to three youngest, 12 years or younger). While all women were 
potentially eligible, 8,929 were invited because the remaining had died, withdrawn from ALSWH, 
asked not to be contacted about sub-studies or reported infertility. During the MatCH study, 
conducted in 2016/2017, 3,039 women provided a range of data about their children (n=5,780) 
including anthropometric measures. Of 5,780 children, 2,811 children were ineligible because they 
were siblings (n=2,741) or multiple births (n=70).  Among the eligible children, 1,351 children were 
excluded mainly because of missing data on anthropometric measures: child height and/or weight 
(n=619) or birthweight (n=517). Further details about the sampling strategy and exclusion criteria 
are shown in Figure 8.1. We conducted a complete case analyses and the sample sizes for the 
analyses varied by child outcomes: 1,597 for the analysis of BMI-for-age, 1,618 for height-for-age 
and weight-for-age, and 446 for weight-for-height. Relative to the other childhood outcomes, the 
sample size for weight-for-height was smaller since the weight-for-height index is designed for 
children with height between 45 and 121cm, approximately aged 0-72 months. 
Informed consent was obtained from all participants at each survey, and the Human Research Ethics 
Committees at the Universities of Newcastle and Queensland approved both the ALSWH and 
MatCH studies. 
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Abbreviations: ALSWH, Australian Longitudinal Study on Women’s Health; BMI, body mass index; MatCH, Mothers and their Children’s Health 
study 
1Of 5,756 women who did not participate, 2,551 had not reported any eligible births up to the seventh survey of ALSWH (when aged 37-42 years) so 
may have been ineligible 
224 women did not do the survey, but they have agreed to external data linkage for 43 children 
3Women who were pregnant in the first three surveys (Survey 1 to 3) were not asked to report their weight prior to pregnancy and hence were 
excluded as we do not have a reliable pre-pregnancy weight 
4BMI-for-age analysis excluded children under the age of 2 years (n=21) as BMI is not available for this age group 
5Weight-for-height measure is designed for children with height between 45 and 121cm, approximately 0-72 months of age and thus children taller 
than 121cm have been excluded (n=1,172) 
Figure 8.1. Flow diagram of the sample for the analysis of mediation by birthweight on the 
association between pre-pregnancy BMI and childhood anthropometrics  
Women invited for MatCH 
study (n=8,929) 
Responded to MatCH study 
(3,039 women with 5,780 
children) 
Singleton children with 
complete anthropometrics 
(n=1,833) 
Singleton children with 
biologically plausible 
anthropometrics (n=1,814) 
Mother-child pairs included in 
the height-for-age and weight-
for-age analyses (n=1,618) 
 
Found to be ineligible (n=110);  
- Had no children (n=108) 
- Died (n=2) 
Did not participate (n=5,756)1 
Data linkage only (n=24)2 
 
Missing data on child; 
- Height/length or weight 
(n=619) 
- Birthweight (n=517) 
 
Children with biologically 
implausible values (n=19) 
Women were pregnant at 
Survey 3 (n=84)3 or missing 
data on pre-pregnancy BMI 
(n=22) 
 
Mother-child pairs 
included in the BMI-for-
age analysis (n=1,597) 
 
Mother-child pairs 
included in the weight-for-
height analysis (n=446) 
 
Children under 
2 years4 
Children with 
height>121cm5 
14,247 women born in 1973-
78 participated in baseline 
ALSWH survey in 1996 
Not eligible for MatCH survey 
(n=5,318) due to; died 
(n=108), withdrew from 
ALSWH (n=1,549), declined 
to participate in sub-studies 
(n=105), infertility (n=255), no 
email or mail address 
(n=3,301) 
Excluded; 
- Siblings (n=2,741 children 
from 2,145 women) 
- Multiple births (n=70) 
 
Missing data on 
covariates/confounders (n=90) 
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Pre-pregnancy BMI 
At every ALSWH survey, women’s BMI was computed as self-reported weight (kg) divided by 
height squared (m2) and categorized as normal weight (BMI<25), overweight (BMI 25-30), or 
obese (BMI>30). Since only 51 (3.1%) women were underweight (BMI<18.5), they were grouped 
with the normal weight (BMI<25) women. Pre-pregnancy BMI was the BMI recorded at the survey 
immediately prior to the survey interval in which the child was born. For example, maternal BMI at 
Survey 3 (for children born between Survey 3 [conducted in 2003] and 4 [2006]) and maternal BMI 
at Survey 4 (for children born between Survey 4 [2006] and 5 [2009]) were considered as pre-
pregnancy BMI. The average time between the pre-pregnancy BMI and the child date of birth was 
18 months, with ≤ 27 months for 75% of the study subjects. As shown in Figure 8.1 above, children 
(n=84) born to women who were pregnant at Survey 3 [2003] were excluded because at surveys 1 
to 3 women were just asked to provide their weight regardless of pregnancy status. From Survey 4 
[2006] onwards pregnant women at the time of the survey have been asked to report their weight 
immediately prior to conception.  
Children’s anthropometric measures  
For the MatCH study, women were sent a measuring tape and instructions on how to measure their 
child’s height in centimetres and to weigh their child in kilograms on a bathroom scale. A SAS 
Program for the 2000 Centers for Disease Control and Prevention Growth Charts was used to 
calculate the sex and age specific BMI-for-age (24-239 months of age), height-for-age (0-239 
months of age), weight-for-age (0-239 months of age) and weight-for-height (children with height 
between 45 and 121cm, approximately 0-72 months of age) z-scores (19). The program also 
calculates extreme or biologically implausible values and hence 19 children were excluded because 
of this. Based on age and sex specific BMI cut-off points for children between 2 and 18 years (20), 
children were dichotomized into normal weight (includes underweight children) and overweight 
(includes obese children).  
Covariates, confounders and mediators  
Self-reported information was available on age, education, area of residence, parity, smoking and 
physical activity at each ALSWH survey. During the last three surveys (Survey 5 [2009] to 7 
[2015]), women were also asked whether they were diagnosed or treated for GDM and/or HDP for 
each live birth. At these surveys, they have also reported prematurity status (born before 37 weeks 
of gestation or not) for each live birth. Maternal education was categorised as year 12/less, 
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trade/apprenticeship/certificate/diploma, and university/higher degree. Women’s area of residence 
was classified into major city, inner region, and outer region/remote. Women’s parity prior to the 
birth of the index child (the oldest child of each mother in MatCH study was included when two or 
three children were available) was categorised as nulliparous, primiparous and multiparous. Pre-
pregnancy smoking was grouped into never smoked, ex-smoker and current smoker. Pre-pregnancy 
physical activity was derived from total metabolic equivalent (MET) values which were estimated 
for a range of activities, and categorized as sedentary/low (<600 MET min/week), moderate (600 to 
<1200 MET min/week) or high (≥ 1200 MET min/week) (21). Women also reported their 
children’s birthweight (kg) at Survey 7 [2015], and sex and age during the MatCH study.  
Statistical analysis  
Descriptive statistics such as means with standard deviations (SD) and percentages were used to 
summarize continuous and categorical variables, respectively. One-way analysis of variance and 
chi-squared tests were used to compare maternal and child characteristics across pre-pregnancy 
BMI categories. 
Figure 8.2 illustrates the potential pathways between pre-pregnancy BMI, offspring’s birthweight 
and childhood anthropometric measures. We employed g-computation, which handles intermediate 
confounders (GDM and HDP), to estimate the natural direct, natural indirect and the total causal 
effects of pre-pregnancy BMI on childhood anthropometric outcomes. Standard errors and the 95% 
confidence intervals (CI) of the estimates were computed using 1000 bootstrap samples (22). While 
the natural indirect effect represents effects of pre-pregnancy BMI (exposure) on childhood 
anthropometric outcomes via offspring birthweight (mediator), the natural direct effect includes all 
effects of pre-pregnancy BMI operating through pathways apart from the offspring birthweight. 
Specifically, the natural direct effect is the difference between the mean child outcome under the 
observed maternal pre-pregnancy BMI and the mean potential child outcome if pre-pregnancy BMI 
was set at the baseline or reference value for all mothers (22 kg/m2 for continuous scale and <25 
kg/m2 for categorical data), with the offspring's birthweight assuming whatever value it would have 
taken at the reference or baseline value of the pre-pregnancy BMI. Whereas the natural indirect 
effect is the difference between the mean child outcome if the offspring’s birthweight assumed 
whatever value under a fixed value of the pre-pregnancy BMI and the potential child outcome if the 
offspring’s birthweight assumed whatever value it would have taken at a reference or baseline value 
of the pre-pregnancy BMI. The total causal effect is the sum of the natural direct and indirect effects 
(22, 23). 
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Simultaneous models  
Child outcome = age + education + parity + area of residence + physical activity + smoking + pre-pregnancy 
BMI + GDM + HDP + birthweight 
Birthweight = age + education + parity + area of residence + physical activity + smoking + pre-pregnancy 
BMI + GDM + HDP 
GDM = age + education + parity + area of residence + physical activity + smoking + pre-pregnancy 
BMI 
HDP = age + education + parity + area of residence + physical activity + smoking + pre-pregnancy 
BMI 
Abbreviations: BMI, body mass index; GDM, gestational diabetes mellitus; HDP, hypertensive disorders of pregnancy 
Figure 8.2. Directed acyclic graph showing potential pathways between pre-pregnancy BMI, 
offspring’s birthweight and childhood anthropometric measures 
For each child outcome (BMI-for-age, height-for-age, weight-for-age and weight-for-height), four 
simultaneous models were fitted: child outcome model, mediator (birthweight) model, and two 
mediator-outcome confounder (GDM and HDP) models. As shown in Figure 2, all models were 
adjusted for maternal background factors (age, parity, area of residence, education, smoking and 
physical activity). These factors have been previously suggested to be associated with both pre-
pregnancy obesity and child outcomes and hence were included as potential confounders (3, 24, 
25). While each child outcome model was further adjusted for birthweight, GDM and HDP, the 
mediator (birthweight) model was further adjusted for GDM and HDP. Exposure-mediator 
interaction was not included in any model as it was not significant based on our data (p value >0.5 
for all child outcomes). Further analysis using categorical child BMI (normal weight vs overweight) 
was performed and exponentiated g-estimate coefficients provided the odds ratio (OR) and 95% CI. 
In a supplementary analysis, we repeated the above models to confirm the consistency and 
robustness of results after excluding children born prematurely (born before 37 weeks of gestation), 
and/or born to women with pre-existing hypertension or diabetes.  
Pre-pregnancy BMI 
 
GDM, HDP 
BMI-for-age 
Height-for-age 
Weight-for-age 
Weight-for-height 
 
Age 
Education 
Parity 
Area of 
residence 
Physical activity 
Smoking 
 
 
 Birthweight 
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All statistical analyses were conducted using Stata version 14 (College Station, TX: StataCorp LP). 
A p value <0.05 was considered statistically significant and all statistical tests were two sided. 
RESULTS 
Among 1,618 children (mean age 8.6 [SD=3.0] years), just over half (51.9%) were boys and under 
two-thirds (64.4%) lived in major cities. Nearly two-thirds (63.8%) and about 45% of children were 
born to women with a university/higher degree, and to women with less physical activity, 
respectively. About 14% of children were born to women with GDM or HDP. Approximately two-
thirds (64.6%), 23.2% and 12.2% of children were born to women who were normal weight, 
overweight and obese pre-pregnancy, respectively (Table 8.1). 
As shown in Table 1, most maternal and child characteristics were associated with pre-pregnancy 
BMI. For instance, women with pre-pregnancy obesity were significantly more likely to be 
multiparous, less educated and to have GDM and HDP. Children born to women with pre-
pregnancy obesity were significantly bigger at birth and had higher childhood BMI-for-age and 
other anthropometric outcomes (Table 8.1). 
Table 8.2 shows the natural direct, indirect (via birthweight) and the total causal effects of pre-
pregnancy BMI on the childhood anthropometric outcomes. Overall, pre-pregnancy BMI had 
significant natural direct and total causal effects on children’s anthropometric outcomes, 
particularly on BMI-for-age, weight-for-age and weight-for-height. The natural direct effects were 
much stronger than the natural indirect (mediated) effects and the natural indirect effects did not 
research statistical significance. For instance, in the fully adjusted model, the natural direct, natural 
indirect and the total causal effects of pre-pregnancy BMI (per 1 kg/m2 increase) on children’s 
BMI-for-age (z-score) were, β (95% CI), 0.14 (0.06, 0.22), 0.06 (-0.02, 0.13) and 0.20 (0.11, 0.28), 
respectively. Similar associations were observed for other childhood outcomes, particularly the 
weight-for-age and weight-for-height measures. 
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Table 8.1. Maternal and child characteristics by pre-pregnancy BMI categories 
Characteristics  Pre-pregnancy BMI categories  
 All  Normal Overweight Obese p value 
N 1,618 1,046 375 197  
Maternal characteristics      
Age, mean years (SD)  30.4 (3.1) 30.3 (3.1) 30.5 (3.1) 30.7 (3.2) 0.11 
Area of residence       
Major city 1,042 (64.4) 685 (65.5) 245 (65.3) 112 (56.9) 0.13 
Inner region 343 (21.2) 222 (21.2) 72 (19.2) 49 (24.9)  
Outer region/remote  233 (14.4) 139 (13.3) 58 (15.5) 36 (18.3)  
Parity       
Nulliparous  1,203 (74.4) 799 (76.4) 276 (73.6) 128 (65.0) 0.01 
Primiparous  283 (17.5) 173 (16.5) 68 (18.1) 42 (21.3)  
Multiparous 132 (8.2) 74 (7.1) 31 (8.3) 27 (13.7)  
Education      
Year 12/less 251 (15.5) 150 (14.3) 60 (16.0) 41 (20.8) <0.01 
Trade/apprentice/certificate/diploma 334 (20.6)   184 (17.6) 95 (25.3) 55 (27.9)  
University degree/ higher degree 1,033 (63.8) 712 (68.1) 220 (58.7) 101 (51.3)  
Smoking       
Never smoked 1,060 (65.5) 701 (67.0) 248 (66.1) 111 (56.4) 0.06 
Ex-smoker 364 (22.5)   226 (21.6) 80 (21.3) 58 (29.4)  
Current smoker 194 (12.0) 119 (11.4) 47 (12.5) 28 (14.2)  
Physical activity       
Sedentary/low 727 (44.9) 446 (42.6) 175 (46.7) 106 (53.8) 0.06 
Moderate 414 (25.6) 279 (26.7) 93 (24.8) 42 (21.3)  
High 477 (29.5) 321 (30.7) 107 (28.5) 49 (24.9)  
Gestational diabetes       
No  1,521 (94.0) 1,001 (95.7) 348 (92.8) 172 (87.3) <0.01 
Yes  97 (6.0)   45 (4.3) 27 (7.2) 25 (12.7)  
Hypertensive disorders of pregnancy      
No  1,492 (92.2) 998 (95.4) 327 (87.2) 167 (84.8) <0.01 
Yes  126 (7.8) 48 (4.6) 48 (12.8) 30 (15.2)  
Child characteristics       
Sex       
Boy  840 (51.9) 529 (50.6) 208 (55.8) 103 (52.3) 0.27 
Girl  778 (48.1) 517 (49.4) 167 (44.5) 94 (47.7)  
Age, mean years (SD)   8.6 (3.0) 8.7 (3.0) 8.5 (3.0) 8.3 (3.0) 0.15 
Birthweight, mean kg (SD)  3.4 (0.6) 3.4 (0.5) 3.4 (0.6) 3.5 (0.6) 0.01 
Preterm birth      
No  1,509 (93.3) 987 (94.4) 342 (91.4) 180 (91.4) 0.08 
Yes  108 (6.7) 59 (5.6) 32 (8.6) 17 (8.6)  
BMI-for-age, mean zscore (SD)1 0.0 (1.1) -0.2 (1.1) 0.2 (1.0) 0.7 (1.2) <0.01 
Height-for-age, mean zscore (SD)   0.4 (1.1) 0.4 (1.1) 0.3 (1.0) 0.5 (1.1) 0.12 
Weight-for-age, mean zscore (SD)   0.2 (1.0) 0.1 (1.0) 0.3 (0.9) 0.7 (1.1) <0.01 
Weight-for-height, mean zscore (SD)2 0.2 (1.0) 0.1 (1.1) 0.3 (0.8) 0.7 (1.1) <0.01 
Unless indicated values are n (column %), p values for group differences were from one-way analysis of variance or chi-squared tests. 
1BMI-for-age analysis (n=1,597) excluded children under the age of 2 years (n=21) as BMI is not available for this age group. 
2Weight-for-height (n=446) measure is designed for children with height between 45 and 121cm, approximately 0-72 months of age, so 1,172 
children were excluded 
Further analysis using categorical pre-pregnancy BMI showed that the natural direct effects were 
stronger than the indirect effects. However, the natural direct effect of pre-pregnancy overweight on 
childhood weight-for-height did not reach statistical significance. The results also demonstrated that 
pre-pregnancy BMI had no significant effect on child height-for-age outcome (Table 8.2). We also 
found similar associations when childhood BMI was dichotomized into normal weight and 
overweight (Table 8.3). 
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Table 8.2. Natural direct, natural indirect (via birthweight) and total causal effects of pre-pregnancy 
BMI on children’s anthropometric outcomes (z scores)  
 Pre-pregnancy BMI   Categorical pre-pregnancy BMI 
 Per 1 kg/m2 increase  Pre-pregnancy overweight Pre-pregnancy obesity 
 Estimate   95% CI   Estimate   95% CI  Estimate   95% CI  
BMI-for-age (n=1,597)        
NDE 0.14 0.06, 0.22  0.34 0.20, 0.48 0.75 0.55, 0.95 
NIE 0.06 -0.02, 0.13  0.05 -0.03, 0.13 0.04 -0.04, 0.12 
TCE 0.20 0.11, 0.28  0.39 0.25, 0.54 0.79 0.59, 0.99 
Height-for-age (n=1,618)        
NDE 0.04 -0.04, 0.12  -0.04 -0.17, 0.10 0.13 -0.07, 0.32 
NIE 0.02 -0.05, 0.10  0.05 -0.04, 0.13 -0.01 -0.09, 0.07 
TCE 0.06 -0.02, 0.14  0.01 -0.13, 0.15 0.11 -0.08, 0.30 
Weight-for-age (n=1,618)        
NDE 0.13 0.06, 0.21  0.23 0.10, 0.35 0.62 0.44, 0.80 
NIE 0.02 -0.04, 0.09  0.04 -0.04, 0.12 -0.01 -0.08, 0.07 
TCE 0.16 0.08, 0.23  0.27 0.15, 0.39 0.61 0.43, 0.79 
Weight-for-height (n=446)        
NDE 0.24 0.10, 0.38  0.24 -0.02, 0.49 0.57 0.24, 0.90 
NIE -0.05 -0.18, 0.08  -0.05 -0.19, 0.10 0.09 -0.05, 0.23 
TCE 0.19 0.05, 0.34  0.19 -0.05, 0.44 0.66 0.33, 1.00 
Abbreviations: BMI, body mass index; GDM, gestational diabetes mellitus; HDP, hypertensive disorders of pregnancy; NDE, natural direct effect; 
NIE, natural indirect effect; TCE, total causal effect 
Note for each child outcome, four simultaneous models were fitted: child outcome model, mediator model, and two mediator-outcome confounder 
models (GDM and HDP). 
All models were adjusted for maternal background factors (age, parity, area of residence, education, smoking and physical activity). 
The mediator (birthweight) model was further adjusted for GDM and HDP 
Table 8.3. Natural direct, natural indirect (via birthweight) and total causal effects of pre-pregnancy 
BMI on children’s BMI (normal weight vs overweight/obese) (n=1,597)  
 Pre-pregnancy BMI   Categorical pre-pregnancy BMI 
 Per 1 kg/m2 increase  Pre-pregnancy overweight Pre-pregnancy obesity 
Child BMI OR   95% CI   OR  95% CI  OR   95% CI  
Natural direct effect 1.04 1.02, 1.07  1.04 0.99, 2.97 1.28 1.19, 1.38 
Natural indirect effect 0.99 0.97, 1.02  0.98 0.95, 1.00 0.99 0.96, 1.02 
Total causal effect 1.04 1.01, 1.06  1.02 0.97, 2.89 1.27 1.17, 1.36 
Abbreviations: BMI, body mass index; GDM, gestational diabetes mellitus; HDP, hypertensive disorders of pregnancy; OR, odds ratio 
Note for each child outcome, four simultaneous models were fitted: child outcome model, mediator model, and two mediator-outcome confounder 
models (GDM and HDP). 
All models were adjusted for maternal background factors (age, parity, area of residence, education, smoking and physical activity). 
The mediator (birthweight) model was further adjusted for GDM and HDP 
The natural direct and indirect effects of pre-pregnancy BMI on childhood anthropometrics did not 
change considerably in a sensitivity analysis that excluded children born prematurely, and/or born 
to women with pre-existing hypertension or diabetes (Supplemental Table S8.1). Overall, the effect 
sizes of pre-pregnancy BMI (both as a categorical and continuous scale) on childhood BMI-for-age 
and weight-for-age outcomes were marginally smaller. The natural direct and the total causal effects 
of pre-pregnancy BMI (continuous scale) on weight-for-height outcome spanned the null value, but 
the effects of pre-pregnancy overweight on weight-for-height outcome were slightly stronger and 
became statistically significant. 
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DISCUSSION 
The results of this study demonstrated that pre-pregnancy BMI, particularly obesity, has a 
consistent and significant natural direct effect on childhood BMI-for-age, weight-for-age and 
weight-for-height outcomes. The association was independent of maternal socoidemographic and 
lifestyle factors. Relative to the natural indirect (mediated) effect through offspring birthweight, the 
magnitude of the natural direct effect was much stronger and was not substantially changed after 
excluding children born prematurely, and/or born to women with pre-existing hypertension or 
diabetes. We found no significant natural direct or indirect effects of pre-pregnancy overweight and 
obesity on childhood height-for-age outcome - suggesting a minimal influence of pre-pregnancy 
BMI on childhood linear growth.  
Several studies, including meta-analyses (4, 26), have established the relationship between pre-
pregnancy obesity and the risk of obesity in offspring. Supporting this, the results of the estimates 
for total casual effects showed a consistent positive direct association between pre-pregnancy BMI 
and various anthropometric measures of the children. However, whether the association between 
pre-pregnancy obesity and childhood obesity in children is due to an increased fetal growth, an in-
utero programming effect or shared familial factors remains unknown. A number of studies (9, 12, 
13, 27) have compared the maternal-paternal effects in an attempt to unravel the link and found 
stronger maternal than paternal BMI associations with child BMI. This may suggest that the 
intrauterine environment has a lasting impact on offspring’s childhood adiposity. Alternatively, 
shared postnatal factors which may be more maternal specific, such as family diet, may explain the 
stronger maternal BMI associations with child BMI.  
Comparing the natural direct and indirect effects of pre-pregnancy BMI on child anthropometric 
outcomes may provide additional insight about the link. In this study, the natural direct effect of 
pre-pregnancy obesity was much stronger than the indirect effect, further supporting the long-term 
sequelae of the suboptimal intrautrine environment beyond the impact of high birthweight. 
However, in addition to the effect of the intrauterine environment, childhood obesity risk has been 
found to have genetic predisposition (28) which could be further influenced by the postnatal 
environment. Thus, the stonger direct effect of pre-pregnancy obesity on childhood weight related 
outcomes may be partly because of a shared family lifestyle and dietary habits. For instance, 
parental, particularly mothers’ food choices amd taste preferences have been found to influence 
their children’s dietary habit in a number of ways (29, 30). 
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The findings of the current study are consistent with a previous study (13) that evaluated prenatal 
risk factors of childhood BMI. Morgen et al.(13) found that the direct effects of parental BMI on 
child BMI at the ages of 7 and 11 years were stronger than the indirect effects (mediated through 
ponderal index and infant BMI at 5 and 12 months). In line with this, studies (31, 32) have shown a 
weaker mediation effect of birthweight of the offspring on the association between gestational 
weight gain and the child outcomes, although others (33) have reported contrary results. This 
highlights the need for more studies focusing on the potential mechanisms linking pre-pregnancy 
obesity and gestational weight gain with childhood anthropometrics.  
Our study is not without limitations. All data including maternal and child anthropometric measures 
were self-reported. Women may underestimate their pre-pregnancy weight and overestimate their 
height, thereby underestimating their pre-pregnancy BMI. There could also be a similar systematic 
error in reporting child weight and height. However, self-reported weight and height measures have 
been found to be reliable and valid estimates (34). 
High attrition and considerable missing data on child anthropometrics were the other limitations of 
this study. Using the most recent ALSWH survey the women completed, women who participated 
in the MatCH study were more likely to live in major cities (60.0% vs. 54.5%) and to have a 
university degree (63.0% vs. 46.4%). They were less likely to be a current smoker (7.7% vs. 12.4%) 
and to be obese (21.1% vs. 24.5%) as compared to non-participants. Mothers of children with 
missing anthropometric data were less likely to have a university degree (58.7% vs. 65.8%) and 
more likely to be current smokers (12.1% vs. 8.9%) and live in major cities (63.2% vs. 58.6%). No 
other important variations were observed (data not shown). This may affect the representativeness 
of the initial sample and the results; however, we could not suggest the direction of the effect of the 
differential attrition on the association between pre-pregnancy BMI and child anthropometric 
outcomes. 
Our study also has a number of strengths. This is a population-based prospective cohort study 
which included a nationally representative sample of women. Unlike the previous study (13), this 
study included a range of sociodemographic and lifestyle factors, evaluated multiple child 
anthropometric measures and used g-computation formula that enabled us to appropriately quantify 
natural direct and indirect effects in the presence of mediator-outcome intermediate confounders.  
In conclusion, the results of this study demonstrated that pre-pregnancy BMI, particularly obesity, 
has consistent and stronger natural direct effect on childhood BMI-for-age, weight-for-age and 
weight-for-height outcomes compared with the natural indirect (mediated) effect through the 
Chapter 8 | 190 
 
 
 
offspring birthweight, independent of sociodemographic and lifestyle factors. Therefore, childhood 
obesity prevention should primarily target pre-pregnancy obesity and shared postnatal factors. 
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SUPPLEMENTAL MATERIAL 
Supplemental Table S8.1. Natural direct, natural indirect (via birthweight) and total causal effects of 
pre-pregnancy BMI on children’s anthropometric outcomes (z scores) in a sensitivity analysis that 
excluded children born prematurely, and/or born to women with pre-existing hypertension or 
diabetes 
 Pre-pregnancy BMI   Categorical pre-pregnancy BMI 
 Per 1 kg/m2 increase  Pre-pregnancy overweight Pre-pregnancy obesity 
 Estimate   95% CI   Estimate   95% CI  Estimate   95% CI  
BMI-for-age (n=1,415)        
NDE 0.10 0.02, 0.19  0.33 0.18, 0.48 0.67 0.45, 0.89 
NIE -0.02 -0.10, 0.05  -0.03 -0.11, 0.06 +0.00 -0.08, 0.09 
TCE 0.08 -0.01, 0.16  0.30 0.15, 0.45 0.67 0.46, 0.89 
Height-for-age (n=1,432)        
NDE -0.00 -0.08, 0.08  -0.05 -0.19, 0.10 0.13 -0.06, 0.33 
NIE -0.06 -0.14, 0.02  -0.04 -0.12, 0.05 -0.03 -0.12, 0.06 
TCE -0.06 -0.41, 0.02  -0.08 -0.23, 0.06 0.10 -0.10, 0.30 
Weight-for-age (n=1,432)        
NDE 0.09 0.01, 0.16  0.22 0.09, 0.36 0.60 0.41, 0.80 
NIE -0.05 -0.12, 0.02  -0.03 -0.12, 0.05 -0.02 -0.10, 0.06 
TCE 0.04 -0.04, 0.11  0.19 0.05, 0.32 0.58 0.39, 0.78 
Weight-for-height (n=384)        
NDE 0.05 -0.10, 0.19  0.35 0.10, 0.61 0.71 0.36, 1.07 
NIE 0.01 -0.13, 0.14  -0.07 -0.21, 0.08 0.08 -0.06, 0.23 
TCE 0.05 -0.09, 0.20  0.29 0.03, 0.54 0.80 0.45, 1.15 
Abbreviations: BMI, body mass index; GDM, gestational diabetes mellitus; HDP, hypertensive disorders of pregnancy, NDE, natural direct effect; 
NIE, natural indirect effect; TCE, total causal effect 
Note for each child outcome, four simultaneous models were fitted: child outcome model, mediator model, and two mediator-outcome confounder 
models (GDM and HDP). 
All models were adjusted for maternal background factors (age, parity, area of residence, education, smoking and physical activity). 
The mediator (birthweight) model was further adjusted for GDM and HDP. 
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Chapter 9 | General discussion 
Early childhood is a critical period of development that can be influenced by a range of factors. 
Although the findings are inconclusive, growing evidence links maternal pre-pregnancy obesity and 
pregnancy complications such as gestational diabetes mellitus (GDM) and hypertensive disorders of 
pregnancy (HDP) with offspring childhood growth and development (1-4). These maternal 
conditions are already major and increasing global public health concerns because of a number of 
consequences to women and their babies (5-8). The overall aim of this project was to examine the 
associations between maternal pre-pregnancy weight characteristics, GDM and HDP with offspring 
childhood growth and development:  
• Firstly, systematic reviews on the relationship between maternal pre-pregnancy obesity and 
diabetes during pregnancy with the offspring childhood physical and cognitive development 
were performed to provide best available scientific evidence and identify gaps. 
• Secondly, using data from the 1973-78 cohort of the Australian Longitudinal Study on 
Women’s Health (ALSWH), we examined the associations between annual pre-pregnancy 
weight change and the risk of development of GDM and HDP. 
• Thirdly, using data from the 1973-78 cohort of the ALSWH, Mothers and their Children’s 
Health (MatCH) study and linked data from the Australian Early Development Census 
(AEDC), we further examined the associations between maternal preconception body mass 
index (BMI) trajectories, GDM and HDP and offspring childhood growth and development. 
• Finally, we quantified the mediation role of offspring’s birthweight between the association 
of maternal pre-pregnancy BMI and offspring childhood anthropometrics using data from 
the ALSWH and MatCH study. 
To address these aims, different statistical modelling approaches were employed. These included 
multinomial logistic regression, generalised estimating equations (GEE), g-computation and latent 
class growth analysis. 
More detailed and pertinent discussion and conclusions are included in each paper comprising this 
thesis. Therefore, this chapter briefly summarises and discusses the main findings, outlines public 
health implications, highlights strengths and limitations, and provides future directions and overall 
conclusions. 
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Main findings 
Findings from the two systematic reviews  
A total of 17 articles were eligible for the systematic review on maternal pre-pregnancy obesity and 
offspring childhood physical and cognitive development; 11 of them were birth cohorts from the 
USA. A large proportion of studies supported the adverse association between maternal pre-
pregnancy obesity and offspring childhood cognitive development. A few studies also demonstrated 
a negative association between maternal pre-pregnancy obesity and the gross motor function of the 
offspring but not with the fine motor function. The evidence is based on a limited number of studies 
with heterogeneous measurement scales and obesity definition (Chapter 2).  
Similarly, for the systematic review on maternal diabetes during pregnancy and offspring childhood 
cognitive development, we found a small number of geographically limited studies, the majority of 
which were small and did not adjust for key confounders. Of 14 eligible studies included in the 
systematic review, 10 studies investigated the associations between maternal pre-existing diabetes 
mellitus (PDM) or both PDM and GDM and childhood cognitive development in offspring; of these 
six found at least one negative association. Four studies exclusively examined the relationships 
between maternal GDM and offspring childhood cognitive development; two of them found 
negative, one positive and one null associations. The use of diverse cognitive and diabetes 
assessment tools/criteria, and lack of statistical power contributed to the inconsistent findings. 
Although there are a scarcity of data available on the associations between maternal diabetes in 
pregnancy and offspring childhood cognitive development, this review has concluded that maternal 
diabetes during pregnancy appears to be negatively associated with offspring childhood cognitive 
development (Chapter 2).  
Findings from the ALSWH, MatCH and linked AEDC datasets 
Using the ALSWH, MatCH and linked AEDC datasets, we further built on the existing evidence 
limited to studies that only examine maternal weight at one point in time by examining the effects 
of preconception weight change and BMI trajectories. The annual pre-pregnancy weight change 
from early adulthood (mean age 20 years, 1996) to the index pregnancy (between 2003 and 2012) 
was significantly associated with risk of development of GDM and HDP (Chapter 4 and 5). Women 
with small annual weight gain (>1.5–2.5% body weight /year) were more likely to develop GDM 
(RR = 2.02, 95% CI: 1.48, 2.78) and HDP (RR = 1.67, 95% CI: 1.28, 2.19) compared to women 
with stable weight (loss or gain of up to 1.5%). The risk of developing GDM and HDP for women 
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with moderate or high weight gain (>2.5% body weight /year) were, RR (95% CI), 2.94 (2.16, 4.01) 
and 2.31 (1.77, 3.03), respectively. 
Maternal BMI trajectories, 6 to 13 years prior to conception, were significantly associated with 
offspring childhood growth and development (Chapter 6 and 7). Children born to chronically obese 
women were more likely to be classified as developmentally vulnerable/at-risk on the AEDC 
domains of gross and fine motor skills (RR = 1.64, 95% CI: 1.04, 2.61) and communication skills 
and general knowledge (RR = 1.71, 95% CI: 1.09, 2.68). They also had an elevated risk of 
suspected gross motor delay (RR = 2.62, 95% CI: 1.26, 5.44) compared with children born to 
women with a normative BMI trajectory. Similarly, children born to chronically overweight and 
chronically obese women were significantly more likely to be overweight and obese (RRs ranged 
from 1.75 to 6.65). 
The results of this thesis (Chapter 8) further demonstrated that maternal pre-pregnancy BMI, 
particularly obesity, had only significant natural direct (β = 0.75, 95% CI: 0.55, 0.95) and total 
causal effects (β = 0.79, 95% CI: 0.59, 0.99) on children’s BMI-for-age. We found similar effects 
on the other childhood anthropometric outcomes of weight-for-age and weight-for-height. Our 
results also demonstrated that pre-pregnancy BMI had no significant effect on childhood height-for-
age outcome. 
Children born to women with diabetes in pregnancy were at slightly greater risk of poorer 
developmental outcomes, particularly childhood gross motor, and language and cognitive skills, as 
compared to children born to women with no diabetes, although these associations did not reach 
statistical significance. HDP was not significantly associated with any of these child outcomes 
(Chapter 6). 
Discussion of main findings 
An accumulated body of evidence has shown a significant association between pre-pregnancy BMI 
and risk of developing a number of pregnancy complications. We have advanced this knowledge 
base by examining the associations between annual pre-pregnancy weight change and risk of 
developing GDM and HDP. Findings from these analyses revealed a significant risk of developing 
these pregnancy complications when women gain weight in the years leading up to pregnancy, even 
within a normal range of BMI. For instance, for a woman within a normal BMI range of body 
weight 52 kg with an average height of 1.66 m, a 2% annual body weight gain over 7 years was 
associated with a 94% increase in risk of GDM, whereas for the same woman and duration a 4% 
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annual body weight gain elevates the risk to nearly threefold as compared to women with stable 
annual body weight (Chapter 4). This is in line with the results of previous limited studies (9, 10) 
that found a significant association between weight gain from early adulthood to prior to pregnancy 
and the risk of development of pregnancy complications, specifically GDM and pre-eclampsia. 
In addition to the obstetric complications, our results indicated that women’s weight over a longer 
preconception period has important implications for childhood growth and development in 
offspring. Women who were chronically obese over 6 to 13 years prior to conception had elevated 
risks of having children who were classified as developmentally vulnerable or children who had 
poorer cognitive and motor development compared to women who were not overweight or obese 
for this amount of time. Their children were also at greater risk of being overweight or obese. This 
finding is in agreement with the general body of knowledge that documents a strong relationship 
between maternal pre-pregnancy obesity and offspring childhood BMI and cognitive development 
outcomes (1, 8, 11). 
Our analyses also further advanced the existing body of evidence (which has focused on a discrete 
measure of pre-pregnancy BMI), by examining repeated measures of women’s body weight over a 
longer preconception period (6 to 13 years before conception). This has further improved our 
understanding about the associations of maternal obesity and child outcomes by lending possible 
support to the causal claim and has identified a time frame in which women could manage their 
weight before entering pregnancy. These findings, as outlined below in more detail, will also help to 
inform targeted public health interventions (12). Although not directly comparable to our analyses, 
authors using the 1958 British birth cohort study (13) examined the association of mothers’ BMI 
measured at various stages of their lives (7, 11, 16, 23 and 33 years) and offspring’s BMI measured 
once between 4 and 18 years. They found significant and independent associations between 
mothers’ childhood and adulthood BMI and offspring’s childhood BMI which is in agreement with 
the results of our analyses. 
While the associations between maternal pre-pregnancy obesity and child outcomes, particularly 
obesity, have been well documented, the mechanisms linking them are complex and remain largely 
unknown. A range of potential mechanisms including ‘intrauterine programming’, shared familial 
and environmental factors have often been suggested to be involved in the link between maternal 
pre-pregnancy obesity and offspring childhood outcomes. According to the intrauterine 
programming mechanism, perinatal insults such as maternal obesity have permanent direct effects 
on long-term adverse offspring health outcomes (14). Based on data, mainly from animal studies, 
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inflammatory factors, excessive nutrients and metabolic hormones associated with maternal obesity 
in utero have been recognized to permanently alter fetal brain development and metabolism (15, 
16), perhaps via epigenetic processes (17). In support of this, various epidemiological studies (18-
21) in humans have shown a stronger impact of maternal than paternal obesity on childhood BMI 
and neurodevelopment outcomes. In addition, children born after maternal weight loss surgery have 
been found to have lower rates of obesity and improved cardiometabolic risk compared to siblings 
born before the surgical intervention (22, 23). Our mediation analysis has also revealed a stronger 
natural direct than indirect (via birthweight) effect of maternal pre-pregnancy BMI on offspring 
childhood BMI and other anthropometric outcomes – suggesting a long-term consequence of 
maternal obesity, beyond the effects on offspring birthweight, and hence further supporting the 
intrauterine programming mechanism.  
Genetic susceptibility and environmental factors also play a significant role in the development of 
childhood obesity, although their relative contribution is less clear. Evidence from a meta-analysis 
(24) and a large multicentre twin study (25) showed a stronger effect of genetic than common 
environmental factors on offsprings’ BMI, from birth to 19 years of age. However, because human 
genetic make-up remains relatively constant for many generations, the recent obesity epidemic 
suggests a strong environmental influence on BMI. Conversely, the increased influence of genetics 
on this may suggest a gene-environment interaction effect (24). Reddon and colleagues (26) have 
recently extensively reviewed this. The review has clearly shown that obesity-predisposing gene 
variants interact with demographic, and lifestyle factors as well as with the obesogenic environment 
to increase the obesity risk in children and adults.  
We found no significant associations between maternal GDM and HDP and offspring childhood 
physical and cognitive development, although the association with maternal GDM was suggestive 
of a negative effect on the child outcomes. There are also inconsistencies in existing limited studies 
which have examined this link (2, 27). While a few studies (28-30) demonstrated negative 
associations, other recent analyses found null (18, 31, 32) or positive (33, 34) associations between 
maternal diabetes or hypertensive disorders during pregnancy and offspring childhood physical and 
cognitive development. These studies widely varied in the outcomes measured and age at 
assessment, and in confounders adjusted for, which could partly explain the inconsistencies across 
the studies. In addition, as was the case in most previous studies (18, 32, 35), the small number of 
women with GDM might have limited our study’s power to identify associations, if any, 
particularly those with small effect sizes. For instance, for a sample size of 708 mother-child pairs 
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with 40 diabetes in pregnancy cases (about 6% prevalence), we had only 37% power to detect a 
small (Cohen's d = 0.3) effect size in gross and fine motor skills. 
Public health implications 
With the growing burden of maternal and childhood obesity and obstetric complications, the results 
of this project have a number of public health implications for women, public health practitioners 
and policy makers. In addition to the pre-pregnancy BMI, BMI in the years leading up to 
pregnancy, perhaps from childhood through young adulthood (9, 13), has important effects on 
maternal pregnancy complications and offspring childhood outcomes. For instance, women who 
gained weight or were overweight or obese from early adulthood (1996, 18-23 years) to the index 
pregnancy (between 2003 and 2012) were found to be at greater risk of pregnancy complications 
and to have overweight and obese children as well as children with poorer physical and cognitive 
development. Additionally, our results have demonstrated that weight loss during early adulthood 
(between the average ages of 20 and 24 years) significantly lowered the risk of HDP (Chapter 5). 
Women within a normal BMI range are often not targeted for weight management, but the results of 
this thesis indicated that for women within a normal BMI range, a small amount of weight gain (2% 
annual body weight gain) substantially increased their risk of GDM compared to women with stable 
annual body weight (Chapter 4). As most women with weight gain were in the upper end of the 
normal BMI range and hence eventually may enter overweight and obese categories, they should be 
encouraged to stabilize their weight before entering pregnancy through educational, dietary and 
physical activity interventions (36-38). 
Nonetheless, evidence (39) shows that most weight management interventions are targeting the 
antenatal period or gestational weight gain and are not sufficient to prevent maternal pregnancy 
complications and adverse birth outcomes. Therefore, to mitigate maternal pregnancy complications 
and obesity in future generations, intervention efforts need to target women, possibly from 
adolescence through young adulthood (40). Schools are ideal places to create awareness about body 
weight management interventions through the existing school health service platforms. For 
instance, in Western Australia, information, guidance and support on a range of health services such 
as healthy eating and nutrition, healthy weight and body image, mental health and wellbeing, sexual 
health and other risky behaviours are available, upon request, for all adolescents (41). Additionally, 
in schools when adolescent girls receive health and physical education classes that cover 
reproductive issues, and food and nutrition, they can be proactively educated about the health 
behaviours associated with healthy weight and its potential benefits to them when they become 
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pregnant and to their children (if they choose to have them). Evidence (42) shows that teenagers can 
be engaged in preconception health and most (72%) of them agreed on the influences of their 
current lifestyle, particularly food, on their future health, but a few of them (35%) agreed on its 
potential impacts on the health of their future children, suggesting a need to raise more 
comprehensive awareness among adolescents. 
Moreover, young adult women who are overweight or obese, when they visit health care facilities 
or during any other occasions, could be screened for pregnancy intention and advised to have a 
preconception plan with sufficient time to achieve a normal BMI before entering pregnancy. A 
period of three years has been suggested as a reasonable time period in which women can lose a 
considerable amount of weight and reach normal BMI (43). Overall, while more studies are 
required to replicate our findings using different populations and more comprehensive body weight 
measures including during adolescence, women need to maintain healthy weight over the 
preconception period (6 to 13 years before conception) to improve their health, specifically during 
pregnancy, and their children’s growth and development (44-46). 
Strengths and limitations  
Our systematic reviews on the relationships between maternal pre-pregnancy obesity, and diabetes 
during pregnancy and offspring childhood physical and cognitive development were the first to 
provide up-to-date and systematically summarised evidence. In addition, both systematic reviews 
included studies without time restriction, employed independent reviewers, and used a standardized 
quality assessment tool. 
This project was based on a uniquely large population-based prospective cohort study, comprised of 
nationally representative women. Comprehensive longitudinal data over a period of 20 years were 
available and we were able to adjust for a number of demographic and lifestyle factors. While most 
previous studies used measurement of child development in the form of a diagnostic test, we used a 
direct population level measurement of child development, based on normal child development. 
This is one of the few studies to identify maternal preconception BMI trajectories and examine the 
link between these and several child outcomes. Utilization of grouped-based trajectory modelling, 
GEE and mediation analysis via g-computation were the other strengths of this project. 
Despite the strengths of the project, there are a number of limitations worth mentioning. First, in 
both of the systematic reviews conducted, meta-analysis was not feasible because of the limited 
number of studies with heterogeneous exposure and/or outcome measures. A further limitation of 
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these systematic reviews was restriction by language; relevant studies published in languages other 
than English could have been missed.  
Second, although data were prospectively collected, in all analyses women’s self-reported data were 
used. Several factors can affect the validity of self-reported data. Individuals tend to report more 
socially acceptable values (47). As such, obese women may underestimate their weight and 
overestimate their height. Consequently, the prevalence of obese women at each survey may be 
lower than the actual prevalence and this may have biased results: for instance, attenuated the effect 
estimates on the association between maternal preconception BMI trajectories and child outcomes. 
However, at each survey women were ensured about the confidentiality and anonymity of data. 
Moreover, in previous research (48), the reliability of self-reported height and weight was validated 
in the 1946-51 cohort of the ALSWH, which used similar questions to that of the 1973-78 cohort. 
About 84% agreement was observed between BMI categories derived from self-reported and 
measured data. Similarly, in another report (49), a high level of agreement between self-reported 
and medical record data on pregnancy complications (91% for GDM and 87% for HDP) and 
perinatal outcomes (for example, 94% for low birth weight) was documented in a sub-sample of the 
1973-78 cohort of the ALSWH – suggesting a lower risk of reporting bias. 
Third, the ALSWH dataset lacked data on maternal IQ and gestational weight gain as well as 
paternal characteristics that may influence offspring childhood growth and development. Instead, 
information was available for maternal education and used as a proxy measure for maternal IQ. In 
addition, as an observational epidemiological study, the possibility of residual confounding is 
unavoidable, and the associations do not prove causality. Therefore, results should be interpreted 
cautiously. Although we included multiple child development outcomes assessed using validated 
instruments, data were only available on the gross motor and communication aspects of the Ages 
and Stages Questionnaire (ASQ), and only the gross motor outcome was used in this thesis. Thus, 
we were unable to evaluate comprehensively the cognitive, language and fine motor domains of the 
ASQ. 
Lastly, although 14, 247 women included in the 1973-78 cohort of the ALSWH were randomly 
sampled from the national Medicare health insurance database and were shown to be broadly 
representative of Australian women of the same age (50), attrition and lack of statistical power are 
other limitations of this project. As is often the case in longitudinal studies, there were considerable 
dropouts at each follow up of the ALSWH survey, most importantly from the first to the second 
survey. The attrition was found to be associated with education, number of children, financial and 
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smoking status. This may introduce selection bias and compromise the representativeness of the 
sample. Fortunately, another study in this population has shown that effect estimates are not 
essentially biased due to loss to follow up (51). Similar to most previous studies (2, 18, 32, 35), the 
number of women with GDM and HDP was relatively small and hence they were combined with 
the pre-existing diabetes and hypertension during the analyses of some of the papers. Thus, because 
of low statistical power, we were unable to separately assess the effect of pre-existing and 
gestational medical conditions. 
Directions for future research 
This is one of the few studies to examine weight change or BMI trajectory over a longer duration 
prior to conception and link this with maternal obstetric complications and child outcomes. 
Although we used data from prospective cohort studies and linked data from a national census, the 
AEDC, there is a need for additional longitudinal studies to confirm our results, identify potential 
mechanisms and effective interventions. 
• Despite evidence (46) which shows better metabolic markers of diabetes (glucose, HbA1c 
and insulin) for women who had lost weight or had a stable weight over 18 years of follow 
up, as evidenced in a previous longitudinal study (52) and in our annual pre-pregnancy 
weight change and preconception BMI trajectory analyses (Chapter 4-7), young women are 
gaining weight at a steady rate, and as such fewer young women are losing weight. 
Therefore, further sufficiently large prospective studies are needed to examine the effects of 
the timing and magnitude of pre-pregnancy weight loss on maternal pregnancy 
complications and offspring childhood outcomes. 
• As shown in most previous studies, the main challenge to examine the association of 
maternal pregnancy complications with the child outcomes is lack of statistical power. In 
our study (Chapter 6), due to the low proportion of women with GDM, they were combined 
with women with pre-existing diabetes, yet even this did not substantially improve the study 
power. A larger sample that includes sufficient number of women with GDM (could be 
achieved through recruitment of women from clinical settings) would be required to unravel 
the possible links in subsequent studies. 
• Understanding how the timing of exposure to early life risk factors such as maternal 
preconception BMI trajectory influences offspring health may help to identify possible areas 
for effective interventions. However, from our analyses it is unclear whether maternal BMI 
has a cumulative effect on child outcomes or the pre-pregnancy BMI fully captures this, as 
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we have observed largely similar associations for one time maternal weight measure (pre-
pregnancy BMI), and preconception BMI trajectory. Future studies may examine the 
duration and degree of maternal obesity and their effects on child outcomes. 
• We had only limited adulthood BMI data points prior to conception. Future research should 
focus on obtaining more measures of body size across the preconception lifespan, including 
childhood and adolescence, so that more detailed and perhaps more informative BMI 
trajectories can be identified and evaluated with subsequent maternal pregnancy 
complications and offspring childhood outcomes. 
• Although a number of epidemiological studies showed a significant association between 
maternal pre-pregnancy obesity and child outcomes, particularly childhood BMI and 
cognitive development, the underlying mechanisms are less clear. For instance, it is 
unknown whether the observed link between maternal preconception BMI trajectory and 
child outcomes is because of underlying nutrition or obesity per se. Therefore, future 
prospective studies with detailed maternal dietary data may disentangle this. More 
sophisticated epidemiological studies which can account for residual familial confounding 
such as discordant sibling comparison (i.e., those studies compare child outcomes between 
siblings born before and after the development of maternal obesity) as well as animal model 
studies may improve our understanding of the biological mechanisms and assist focussed 
interventions.  
• Our systematic reviews on the association between maternal pre-pregnancy obesity and 
diabetes in pregnancy, and offspring childhood physical and cognitive development have 
shown inconsistent results across studies, mainly because of methodological variations. To 
minimise this, effort should be made to standardise the scoring of different assessments and 
pool them together. Moreover, detailed evaluations of cognitive and physical development 
outcomes would improve our understanding about the specific child outcome affected by 
maternal pre-pregnancy obesity and diabetes in pregnancy. This might facilitate targeted 
interventions: namely, early childhood (birth to eight years) screening for developmental 
delays in children of women with diabetes and obesity, and intervening (through play 
activities/materials) (53) with those children who exhibit delayed development. 
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Conclusions 
Evidence from systematic reviews suggests that maternal pre-pregnancy obesity and diabetes in 
pregnancy are associated with offspring’s childhood cognitive development. The research we have 
conducted as part of this thesis has also found that maternal weight over the preconception period, 6 
to 13 years before conception, has an important impact on maternal pregnancy complications and 
on offspring’s childhood growth and development. Women with small and moderate or high annual 
pre-pregnancy weight gain were significantly more likely to develop GDM and HDP. Our study 
further demonstrated that children born to chronically overweight and chronically obese women 
were significantly more likely to be overweight and obese and to have poorer physical and 
cognitive development. Most of the effect of maternal pre-pregnancy obesity on offspring 
childhood anthropometric outcomes appears to be via a direct effect, not mediated through 
offspring’s birthweight. We also found no significant association between maternal GDM and HDP 
and offspring childhood physical and cognitive development. To prevent pregnancy complications 
and improve child health, weight gain prevention may target women over their reproductive 
timespan, such as from adolescence through the preconception period. Additional studies are 
required to unravel the mechanisms linking maternal preconception BMI trajectory and child 
outcomes and to examine the timing and impact of preconception weight loss on maternal obstetric 
complications and offspring childhood outcomes. 
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